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Editorial on the Research Topic 


Cancer Cell Metabolism and Immunomodulation in the Context of Tumor Metastasis


Primary tumor growth and the tumor metastasis are strongly linked to the adaption of the tumor tissues to environmental issues. These can include growth in low oxygen conditions and the selective use of substances for energy needs as well as means to escape detection by the immune system. Metastasis represents the major cause for poor prognosis for patients with cancers (1). Cancer patients are diagnosed with metastatic disease either at diagnosis of the disease, or later as they emerge during the course of treatment (2). Metabolic alterations and immune evasion represent some of the hallmark capabilities of tumor cells that develop during multistep metastatic progression (3). Cancer cells become adapted to survive with an energy supply and additional growth stimuli imparted through the tissue environment during the metastatic process. At the same time, cancer cells evade destruction by the immune system through various adaptions that enables them to progress. Various immune cells and immune processes have been linked to both the inhibition, and promotion, of metastatic processes. Recent advances in immunotherapy and the development of metabolic oncology inhibitors are providing exciting new approaches for the treatment of cancer (4). As we are learning more about the molecular basis of cancer metabolism and the general biology of the tumor immune microenvironment, novel strategies are emerging that may help prevent or control cancer metastasis. Tumor immunity and metabolism in cancer metastasis was the goal of this Research Topic. The collection includes 29 original research papers and reviews directed toward the advancement of our understanding of these important topics in cancer research.


Cancer Cell Metabolism in the Context of Tumor Metastasis

Cancer cells acquire the ability to remodel their metabolic network allowing them to adapt and maintain their survival in the context of extreme changes to their environment. Some of the key findings outlined in the reviews and original research papers contained in this special issue as detailed below. These observations provide insight into the emerging field of metabolic control during cancer metastasis. Wolfe et al. highlighted the concept of metabolic compartmentalization independent of the cell membrane, as a critical mechanism helping to determine tumor invasion and metastasis. The authors focus on the importance of compartmentalization of purine nucleotide metabolism (e.g., ATP and GTP) at the leading edge of migrating cancer cells. They describe uniquely phase-separated microdomains where a dynamic exchange of nucleotide metabolic enzymes takes place (Wolfe et al.). Dysregulation of the enzyme ALDH1A3 (aldehyde dehydrogenase 1 family member A3) was linked by Nie et al. to a highly aggressive pancreatic cancer subtype. They found that ALDH1A3 promoted pancreatic cancer metastasis via influence on glucose metabolism (Nie et al.). Guo et al. demonstrated that pyruvate kinase M2 (PKM2) expression was upregulated in prostate cancer and was positively associated with tumor metastasis. The molecular basis of PKM2-driven prostate cancer metastasis was linked to ERK-cyclooxygenase (COX-2) signaling (Guo et al.). Several studies identified key regulators involved in the metabolic adaptation required for metastasis including nuclear factor erythroid-2-related factor-2 (NFE2L2/Nrf2) and the Hippo signaling factors Yes-Associated Protein (YAP)/Transcriptional Co-activator with PDZ-binding Motif (TAZ). Zhao et al. summarized the molecular basis for the role of Nrf2-mediated metabolic reprogramming in non-small cell lung cancer and identified potential therapeutic targets in the network underlying Nrf2-mediated metabolic reprogramming. Yamaguchi and Taouk discussed the YAP/TAZ functions as a central hub for metastasis by regulating metabolic alterations.

Amino acid metabolism is deregulated in many cancers, with changes in amino acid metabolism specifically providing growth nutrients used by cancer cells (5). Zhao et al.’s team reviewed the mechanisms and the role of amino acid metabolism in regulating pancreatic cancer progression. Moreover, the authors discussed recent advances in therapeutic strategies directed toward targeting amino acid biology for the treatment of pancreatic cancer (Xu et al.). The regulation of glutaminase and its role in cancer metastasis was the focus of the study by Wang et al. This group discussed possible mechanisms of glutaminase inhibitor resistance and potential strategies that could be employed to help overcome the therapy resistance (Wang et al.).

The process of autophagy is emerging as an important process required for tumor metastasis and metabolism (6). Based on the expression autophagy-related genes (ARGs) taken from the MsigDB database, Chen et al. were able to divide ovarian cancer patients into two subtypes and were able to establish an expression signature for risk stratification that could be used to help predict tumor outcome and to better characterize the tumor immune microenvironment. The authors found that ULK2 and GABARAPL1 may play important roles in ovarian tumorigenesis and thus may represent immunotherapy targets in ovarian cancer (Chen et al.). Wen et al. demonstrated that SNHG9, a papillary thyroid cancer cell exosome-enriched lncRNA, inhibits cell autophagy and promotes cell apoptosis of normal thyroid epithelial cell Nthy-ori-3 through the YBOX3/P21 pathway.



Immunomodulation in the Context of Tumor Metastasis

The long-sought promise of immune control of cancer has finally emerged in the past decade and now represents some of the most important new tools for control of cancer in the clinic (7). Several reviews and original research papers addressed new advancements in our understanding of the role of immunomodulation in the context of tumor metastasis and provided ideas for expanding clinical cancer therapy. A review by Ham et al. discussed a recent study on how cancer cells can influence monocyte-derived and tissue-resident macrophage polarization in vivo. Based on high-throughput transcriptomic data, Zeng et al. identified an immune cell infiltration pattern in pre-metastatic liver cancer and highlighted the potential importance of myeloid-derived suppressor cells (MDSCs) as a dominant altered cell type in colorectal cancer. Using two different types of experimental mouse cancers (melanoma and carcinoma), Bhuniya et al. showed that neem leaf glycoprotein (NLGP), a natural immunomodulator, helps to foster antigen-specific activated CD8+ T cells via altering the maturation of dendritic cells (DCs) to help combat metastasis.

Changes in cellular metabolism are also an important mechanism for the regulation of immunity that are associated with an impairment of the anti-tumor immune response. Hung et al.’s team discussed how tumor cells can reprogram tissue metabolism to help foster a pro-tumor microenvironment, driving disease progression and immune evasion. The authors highlighted potential approaches to help target metabolic vulnerabilities in the context of anti-tumor immunotherapy (Jiang et al.). Wu et al. reviewed mechanisms of immune escape caused by metabolic reprogramming, with an aim toward providing new targets for enhancing clinical tumor immunotherapy and overall tumor treatment through metabolic intervention. Mitochondrial activity is centrally important in the crosstalk between tumors and the immune system. Klein et al. discussed the role of mitochondrial action in cancer immune evasion and summarized the effects of mitochondria-targeted antitumor therapy. Zheng et al.’s group identified an important role for glutamine starvation in regulating expression of G-CSF and GM-CSF and thus in facilitating the generation of immunosuppressive MDSCs in the context of breast cancer. Iron metabolism has been linked to the regulation of tumor growth, metastasis and the general response to immunotherapies. Brown et al. reported on the dual role of iron metabolism including its regulation and storage during tumor progression and in control of the immune response. The authors further discussed the potential for iron-based therapeutic strategies in combination with other therapies, including immunotherapies for treating metastatic disease (Brown et al.).

Due to reduced oxygen levels in tumor tissues and the accompanying Warburg effect, production of lactic acid is enhanced in most tumors that is in turn correlated with tumor aggressiveness and poor clinical outcome. Fischbeck et al. reported that lactic acid can inhibit T cell killing activity by reducing cytotoxic T cell (CTL) motility, arrest and prolonging CTL contact duration with tumor cells, and through these events, reduce the overall effectiveness of the cytotoxic response. Lactic acid intervention and strategies to improve T cell metabolic fitness hold promise to help improve the clinical efficacy of T cell-based cancer immunotherapy (Fischbeck et al.). Pour et al. described the role of kynurenine metabolites in tumoral immune escape among patients with metastatic cutaneous malignant melanoma. They found that cutaneous metastatic melanoma can have high levels of altered kynurenine pathway associated gene expression and treatments with MAPK inhibitors are associated with changes in 3-hydroxykynurenine and 3hydroxyanthranilic acid (3HAA) concentrations that appears to lead to higher “CXCL11,” and “KLRD1” expression, factors involved in T and natural killer (NK) cell recruitment and activation (Pour et al.). Building upon the role of tumor immunotherapy as a treatment strategy, Qin et al.’s group found that PKM2 expression could drive hepatocellular carcinoma (HCC) progression by enhancing an immunosuppressive tumor microenvironment through PD-L1 upregulation. The overexpression of PKM2 sensitized HCC to treatment by immune checkpoint blockades, which was shown to lead to enhanced IFN-γ positive CD8 T cells in experimental HCC mouse models (Li et al.).

It has recently emerged that immune cells can have unique metabolic characteristics that also affect their effector function (8). The effect of metabolic changes on the activity of dendritic cells (DCs) is potentially an important topic that has not been widely addressed in the literature. The characteristics of DCs’ glucose metabolism, lipid metabolism, and amino acid metabolism, were addressed by Peng et al. They summarized what is known concerning the effect of the tumor microenvironment on DC metabolism and effector function as it relates to anti-tumor immunotherapy (Peng et al.).



Conclusions

This special issue sought to highlight state of the art knowledge and discuss emerging biology associated with metabolic alterations and immune evasion in cancer metastasis. An expanded understanding of this complex and diverse field is uncovering exciting new possibilities for the targeted treatment of metastatic disease by effectively linking tumor immunity and cellular metabolism.
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Dysregulation of the kynurenine pathway has been regarded as a mechanism of tumor immune escape by the enzymatic activity of indoleamine 2, 3 dioxygenase and kynurenine production. However, the immune-modulatory properties of other kynurenine metabolites such as kynurenic acid, 3-hydroxykynurenine, and anthranilic acid are poorly understood. In this study, plasma from patients diagnosed with metastatic cutaneous malignant melanoma (CMM) was obtained before (PRE) and during treatment (TRM) with inhibitors of mitogen-activated protein kinase pathway (MAPKIs). Immuno-oncology related protein profile and kynurenine metabolites were analyzed by proximity extension assay (PEA) and LC/MS-MS, respectively. Correlation network analyses of the data derived from PEA and LC/MS-MS identified a set of proteins that modulate the differentiation of Th1 cells, which is linked to 3-hydroxykynurenine levels. Moreover, MAPKIs treatments are associated with alteration of 3-hydroxykynurenine and 3hydroxyanthranilic acid (3HAA) concentrations and led to higher “CXCL11,” and “KLRD1” expression that are involved in T and NK cells activation. These findings imply that the kynurenine pathway is pathologically relevant in patients with CMM.

Keywords: kynurenine pathway, cutaneous malignant melanoma, immune metabolic network interactions, 3-hydroxykynurenine, CD4+ T helper (Th) cells


INTRODUCTION

Cutaneous malignant melanoma (CMM) is the most common form of melanomas and arises from a malignant transformation of melanocytes (1). The 5-year relative survival rate for patients with stage I CMM is more than 95%, while until recently, median survival was only 6–9 months in stage IV disease (1). Targeting the oncogenic mitogen-activated protein kinase (MAPK) pathway with small molecule inhibitors, i.e., BRAF and/or MEK inhibitors (MAPK-inhibitors; MAPKIs), has led to improved overall survival (OS) and progression-free survival (PFS) in patients with BRAF-mutant CMM (2).

It has been shown that patients with advanced CMM receiving immune checkpoint inhibitors (ICPIs), targeting the immunosuppressive programmed cell death 1 receptor (PD-1) have favorable response rate (33–44%). However, approximately two-thirds of patients do not have a satisfactory response to ICPIs (3–6). More recently, preliminary results in patients with metastatic melanoma indicate that combining indolamine 2, 3-dioxygenase 1 inhibitors (IDO1i) with either CTLA-4 inhibitor or PD-1 inhibitor (PD-1i) increases the effectiveness of these immunotherapies in CMM patients (7–9). Though, in (ECHO-301/Keynote-252), randomized controlled trial in patients with metastatic melanoma, combination treatment with an IDO1 inhibitor, epacadostat, and the PD-1i, pembrolizumab, did not show any improvement of survival compared to single therapy with PD-1i (10).

MAPK dysregulation led to differential antitumor immune response, which involves in Th1 signaling and cytotoxic effect (11, 12). The beneficial immunologic effects of MAPKIs have previously demonstrated. For instance, MAPKIs induces immunologic changes in tumor cells such as higher MHCs expression, and tumor-associated antigens (13, 14). MAPKIs also lowers the induction of immunosuppressive cytokines such as IL-10, VEGF, or IL-6 (15, 16). Interestingly, immunomodulatory effects of MAPKIs, in combination with immune checkpoint inhibitors, emerge as a promising strategy in cancer therapy (17).

On the other hand, targeting some metabolic substances synergizes with MAPK inhibition and delays the onset of drug resistance in melanoma (18). Therefore, targeting metabolic pathway might enhance the impact of MAPK inhibitors. Combining IDO1i, which is an effector of the Kynurenine pathway (KP), with immune checkpoint blockaders has been used in order to improve the effectiveness of these immunotherapies.

KP activation leads to tryptophan (TRP) metabolism and therefore generation of multiple immunomodulatory metabolites, known as Kynurenine pathway metabolites (KPM) including kynurenine (KYN), anthranilic acid (AA), kynurenic acid (KYNA), 3-hydroxykynurenine (3-HK), 3hydroxyanthranilic acid (3HAA), xanthurenic acid (XA) and culminates in the biosynthesis of nicotinamide adenine dinucleotide (NAD+) (Figure 1A) (19). The activity of the KP associated enzymes defined by the concentrations of direct derivatives of the metabolites, for instance the KYN: TRP ratio is used as an index of IDO activity (20–23).
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FIGURE 1. Genetic alterations of kynurenine pathway components in SKCM and other cancer types from TCGA dataset (cBioPortal). (A) The kynurenine pathway of tryptophan catabolism, (B) Frequency of genetic alterations in any of the kynurenine pathway enzymes, and (C) genetic alterations of genes encoding enzymes IDO1, IDO2, TDO2, KYNU, KMO, KATs (CCBL1, CCBL2, GOT2, and AADAT), HAAO, ACMSD, and QPRT for top 10 tumor types. DNA amplification (red), mutation (green), and deletion (blue) (D), Kaplan–Meier survival plots for KATs alteration in 287 SKCM samples.


KPMs have been measured using sensitive methods such as liquid chromatography-tandem mass spectrometry (LC-MS/MS). Except 3HAA, other KPMs are stable. 3HAA is known to be particularly unstable over time and sensitive to light (20, 24). It has been reported that accumulation of KYN induces T- B- and natural killer (NK)- cells apoptosis (25). The concentration of different metabolites in the KP is controlled by groups of enzymes such as IDO1, IDO2, and tryptophan 2, 3-dioxygenase (TDO2), three rate-limiting enzymes that catalyze the cleavage of TRP into KYN (26–28).

KYN itself is a substrate for different enzymes with immunomodulatory properties along KP. Enzymes such as kynurenine 3-monooxygenase (KMO) and kynurenine aminotransferases (CCBL1, AADAT, CCBL2, and GOT2; collectively called KATs) that convert KYN to 3-HK and KYNA, respectively (Figure 1A) (29–31).

It has been shown that KP activity is elevated in patients in numerous types of cancer (32–39). Moreover, the expression of IDO1 by tumor cells has been regarded as an essential immune escape mechanism that suppresses T cell activity (40, 41) through mTORC1 triggering autophagy (42, 43). Likewise, induction of IDO1 by inflammatory cytokines, including IFNγ and tumor necrosis factor α (TNF-α), has been linked to poor prognosis in CMM as well as various different cancer types (44, 45). It is also reported that plasma levels of KYN, 3-HK, and KYNA are associated with more aggressive forms of breast cancer and glioblastoma (38, 46). However, this has not been conclusively shown in CMM patients. Furthermore, whether KP metabolic dysregulation occurs in patients treated with MAPKIs was not known yet. Therefore, we undertook this study to evaluate immune-metabolic network interactions of the KP in CMM to explore the link between KPMs and regulation of the antitumor immune response. We measured the plasma levels of KPMs and immune-related proteins, using LC-MS/MS and proximity extension assay (PEA), respectively, in healthy individuals and, CMM patients before and during treatment with MAPKIs.



MATERIALS AND METHODS


Cell Culture

Parental A375 BRAF V600E-mutated human melanoma cell line and daughter cell line with induced BRAFi resistance [vemurafenibR4 resistant subline (A375R)] were obtained from Professor Johan Hansson's research group.

Cell lines were cultured for 48 h for KPMs measurement at a density of 1.0 × 104 cells/ml in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco) in the presence of IFNγ (50 ng/mL) and TNFα (10 ng/mL).



Reagents

Recombinant IFNγ (cat. 285-IF-100) and TNF-α (cat. 210-TA7CF) were purchased from R&D system (McKinley Place NE).



Cell Lines Authentication

We received early passages of parental A375 cells and the daughter BRAFi resistant subline and no changes in phenotype or morphology was observed. Furthermore, mycoplasma testing was routinely performed (LookOut Mycoplasma PCR Detection kit, Sigma Aldrich, MP0035), verifying that the cells were mycoplasma free (Supplementary Figure 10).



Plasma Sampling and Sample Collection

Plasma samples were collected before (PRE) and during treatment between day 21–28 (TRM) from melanoma patients with disseminated (M1c and M1b) disease, undergoing first-line therapy with MAPKIs (Table 1, Supplementary Tables 1A, 3). Blood was obtained from five patients, collected in EDTA tubes and centrifuged at 1,500 × g for 10 min within 1 h after collection. Separated plasma was centrifuged at 2,400 × g for 15 min and was frozen at −70°C within 1 h of processing. Samples were then shipped overnight on dry ice for analysis. All samples were stored at −70°C until they were assayed. The sample collection was conducted by Good Clinical Practice/the Declaration of Helsinki with informed consent from all patients and was approved by the Stockholm Regional Ethics Committee, Karolinska Institute, Sweden.


Table 1. Clinical characterization of melanoma patients.
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Healthy Volunteers

Plasma was collected from five healthy volunteers at the Karolinska University Hospital to be used as healthy controls, and all donors gave their informed consent before participating. Only volunteers over the age of 18 years were included in the control set (Supplementary Table 1B). Those with the presence of any of the following conditions were excluded: renal dysfunction, hepatic dysfunction (Child-Pugh score B or C), pregnancy or breastfeeding, immune-mediated inflammatory disease or medications, blood dyscrasia or anemia.



Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) for Analysis of Tryptophan Metabolites

Plasma samples were diluted at a 1:1 ratio with 4% phosphoric acid (in HPLC grade H2O), and internal standard(s) was added as appropriate (e.g., 50 ng deuterated tryptophan; d5-TRP). To allow quantification, a calibration curve was made using an array of aqueous standards prepared by serial dilution (100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, and 0.1 ng) of the following compounds: tryptophan, kynurenine, kynurenic acid, 3-hydroxykynurenine, anthranilic acid, 3hydroxyanthranilic acid, quinolinic acid and xanthurenic acid. These standards were suspended in 1% bovine serum albumin as a surrogate plasma matrix, and the internal standard(s) (e.g., 50 ng d5-TRP or d5-KA) were added before a 1:1 dilution in 4% phosphoric acid (in HPLC grade H2O). Each sample and the aqueous standard was transferred to a well in a 96-well analyte extraction plate (H2O Oasis HLB, 10 mg sorbent, 30 μm particle size) and vacuumed to dryness, washed and dried. Extracts were washed with H2O and eluted with 80% methanol (in HPLC grade H2O.) The elute dried by nitrogen gas flow at 60°C and 30 L/min. Dried extracts were re-suspended in 100 μl 30% methanol in HPLC grade H2O. Ten microliter volumes of each suspended extract were injected onto a column (Ace C18-PFP column; 100 × 2.1 mm internal diameter, 1.7 μm) using a Shimadzu Nexera MP UHPLC liquid chromatography system linked to a QTRAP 6500 mass spectrometer (Sciex). The flow rate was set at 0.4 ml/min at 40°C. The separation was carried out using mobile phase A-−0.1% formic acid (in HPLC grade H2O) and mobile phase B-−0.1% formic acid (in methanol). Data were acquired and processed using Analyst 3.0 software ABI (Sciex).



Mass Spectrometry Analysis of Parental A375 BRAF V600E-Mutated Human Melanoma Cell Line and of Daughter Cell Lines With Induced BRAFi Resistance

The detail was described previously (47).



Plasma Protein Detection

Plasma samples were analyzed using proximity extension assay (PEA) at the clinical biomarkers facility at SciLifeLab, Uppsala, Sweden. Ninety twohuman protein biomarkers were measured using Olink® ImmunoOnc I panel (Olink Proteomics, Uppsala, Sweden). Measurements were performed using 1 μL of each sample. In PEAs, a pair of oligonucleotide-conjugatedantibodies bind to their targeted protein in the samples. When the two probes are in close proximity, the oligonucleotides will hybridize in a pair-wise manner. The addition of a DNA polymerase leads to a proximity-dependent DNA polymerization event, generating a unique PCR target sequence. The target sequence is detected and quantified using a microfluidic real-time PCR instrument (Biomark HD, Fluidigm). The Olink protocol has been described in detail by Assarsson et al. (48). Data is then quality controlled and normalized using an internal extension control and an inter-plate control, to adjust for intro- and inter-run variation. The final assay readout is presented in Normalized Protein expression (NPX) values, which is an arbitrary unit on a log2-scale where a high value corresponds to higher protein expression. More details on the assay detection limits, intra- and inter-assay precision data are available on the manufacturer's website (www.olink.com) (48).



TCGA Analyses

Mutations, copy-number alterations, and mRNA and protein expression profile of KP enzymes (IDO1/2, TDO2, KMO, KYNU, CCBL1/2, GOT2, AADAT, and ACMSD in TCGA (provisional) cohort data accessed at cBioPortal for Cancer Genomics in January 2018, http://www.cbioportal.org.

cBioPortal delivers genomic datasets for 24 cancer diagnoses (http://www.cbioportal.org/). The following tumor types were selected: adrenocortical carcinoma (n = 92), cholangiocarcinoma (n = 51), bladder urothelial cancer (n = 413), colorectal adenocarcinoma (n = 640), breast cancer (n = 1,105), glioma (n = 1,136), cervical cancer (n = 308), stomach adenocarcinoma(n = 664), uveal melanoma (n = 80), renal adenocarcinoma (n = 359), liver hepatocellular carcinoma (n = 442), lung adenocarcinoma (n = 1,097), lymphoid neoplasm(n = 48), myeloid neoplasm(n = 200), ovarian epithelial tumor (n = 606), pancreatic adenocarcinoma(n = 186), mesothelioma (n = 87), prostate adenocarcinoma (n = 499), cutaneous melanoma (n = 479), sarcoma (n = 265), testicular germ cells cancer(n = 156), thymic epithelial tumor (n = 124), thyroid carcinoma (n = 516), endometrial carcinoma (n = 605).

The cutaneous melanoma dataset for KP related analyses in melanoma patients was comprised of mRNA-seq data (data accessed at cBioPortal for Cancer Genomics in December 2017, http://www.cbioportal.org/) (Supplementary Table 2). Survival analyses were correlated with alterations (mutation, amplification, and deletion) in KP-related genes.



Human Protein Atlas Analysis

Human protein atlas has been used for protein and RNA expression analyses of kynurenine pathway-related genes. The protein expression score is based on immunohistochemistry staining and is assigned manually by annotators (https://www.proteinatlas.org/about/assays+annotation#ihk), and the RNA-seq quantification data information is found here: https://www.proteinatlas.org/about/assays+annotation#rna). Image available from proteinatlas.org.



Statistical Analysis

Principal component analysis (PCA) was computed using FactorMineR package for PCA https://cran.r-project.org/web/packages/FactoMineR/index.html. KPMs concentration of healthy, PRE and TRM groups was used for PCA. A t-test was used to compare KPMs in two groups of CMM patients. The adjustment methods include the Bonferroni correction (“Bonferroni”) in which the p-values are multiplied by the number of comparisons. All P-values were two-sided. All analyses were performed using R Statistical Software or Qlucore v3.2 (Qlucore, Lund, Sweden) bioinformatic software.



Network Analysis

In the correlation network analysis, a node represents a KPMs or immune-related biomarker, and an edge is defined by statistically significant correlations between biomarkers in analyses of pre-treatment (PRE) samples. These values (cut-off of 0.5; is the highest level of correlation for which the network is not fragmented) were used to reconstruct networks in PRE and TRM CMM groups (before and during treatment) (49). We defined hubs as nodes with a high degree of centrality (high connectivity with other nodes) in PRE and TRM network. Nodes with a degree higher than the 80th percentile were considered as hubs. Network analysis was carried out with the network analysis tool of a cystoscope (3.4.0).




RESULTS


Differential Expression of Kynurenine Pathway Enzymes Is Associated With Poor Survival in Patients With CMM

To gain further insight into mutations, copy-number alterations, and expression profiles of KP enzymes, we examined the TCGA database (data available at cBioportal.org). The TCGA melanoma cohort consists of 479 samples, and nearly 70% of them were CMM, stage II, and III from patients with no neoadjuvant therapy before tumor resection (Supplementary Table 2). Our analysis showed that within the TCGA cohort, metastatic melanoma and breast cancer are the top two cancer types with the highest burden of gene alterations in enzymes in the KP (Figure 1B, Supplementary Figure 1A). The highest proportion of KP gene mutations (>20%) were found in melanoma patients (Figure 1B). Within the kynurenine pathway, KAT members have the highest mutation frequency, at >8% (Figure 1C). Besides, we found that genetic alterations of KATs that mediate KYNA production from KYN were associated with a reduced survival rate in melanoma patients in the TCGA cohort (Figure 1D).

Further investigation using the Human Protein Atlas, CBio portal in healthy skin and CMM lesions (stage III and IV), show more abundant mRNA/protein expression of CCBL1 and CCBL2 among other KATs (Supplementary Figures 2A–C). Importantly, CCBL1 alteration is correlated to poor prognosis in CMM patients (p < 0.001), while KYNU is associated with a better outcome (p < 0.05), which can suggest that the KP enzymes possess a different intrinsic mechanism of action (Supplementary Figure 1B). Expression of KMO is not detected in healthy skin, as previously reported (50) or melanoma tumors; while the protein expression of KYNU is lower compared to CCBL1 and CCBL2 both in healthy skin and melanoma tumors (Supplementary Figures 2B,C).

Additional analyses by using a TCGA cohort was processed by the Broad Institute's pipeline (Firehose run “28 January 2016”: doi: 10.7908/C11G0KM9) consisting of 368 CMM samples showing that BRAF-mutant tumors retain distinct KP gene expression profiles compared to those with wild-type BRAF (Supplementary Figure 9, Supplementary Table 3). This result may suggest the existence of an association between BRAF mutation background and altered mRNA expression of KP members.



Kynurenine Pathway Metabolite Profiles in PRE and TRM Metastatic CMM Patients Is Compared to Healthy Controls

In order to explore how KP alteration in tumor biopsies reflected in the plasma and to further characterize the role of KP in CMM patients, we performed LC-MS/MS metabolite analysis on plasma samples derived from metastatic CMM patients, before (PRE) and during the first treatment (TRM) with MAPKIs (n = 5). Besides, plasma samples of five healthy volunteers were included in this comparison as controls. A total of seven metabolites, including TRP, KYN, KYNA, 3-HK, AA, 3HAA, and XA, were analyzed. The influence of confounding factors such as gender and, age on KP metabolite concentrations was compared between CMM patients and healthy controls using a principal component analysis (PCA) (Supplementary Figure 3). Our results were thus not affected by these confounders; therefore, they were not corrected in further analysis. Metabolic profile analyses revealed significantly lower 3-HK (p < 0.001) and 3HAA (p < 0.001) levels in PRE CMM-patients compared to healthy controls (Table 2, Figures 2A,B). Moreover, clinical intervention by MAPKIs was associated with increased concentrations of 3-HK and 3HAA in TRM plasma samples (Table 2, Figures 2A,B). These results suggest that 3-HK and 3HAA levels may serve as Predictive metabolites in CMM.


Table 2. Kynurenine metabolites in plasma of CMM (PRE&TRM) compare to healthy controls.
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FIGURE 2. Kynurenine metabolites in plasma of CMM (PRE&TRM) compare to healthy controls. (A) The concentrations of KYN, TRP and (B) KYNA, 3-HK, AA, 3HAA, and XA were determined on plasma samples derived from healthy volunteers (HC, n = 5) and metastatic CMM patients, before (PRE) and during the first treatment (TRM) with MAPKIs (n = 5). TRP, tryptophan; KYN, L-kynurenine; KYNA, kynurenic acid; AA, anthranilic acid; 3-HK, 3-hydroxykynurenine; 3HAA, 3-hydroxyanthranylic acid; XA, xanthurenic acid; CMM, cutaneous; UM, Unknown Melanoma. **p < 0.005; Corrected P-Values (Bonferroni).


Besides, a higher 3-HK/KYN ratio in healthy individuals indicates that more KYN metabolizes toward 3-HK in healthy controls compared to CMM patients. On the other hand, a higher XA/3-HK ratio was observed in melanoma patients, suggesting the higher activity of the KAYT II enzyme, which mediates the metabolism of 3-HK toward XA. Collectively, this result proposes that melanoma patients may have a higher accumulation of KYN and a lower concentration of 3-HK and 3HAA in the plasma. Therefore, KP possesses a different trajectory and path in healthy individuals compared with CMM patients (Supplementary Figure 6).



MAPKIs Treatment and Association With Divergent Kynurenine Pathway Activities: Comparison of the Correlation Network in PRE and TRM Groups

In the patient group, we evaluated whether there is an association between treatment and altered KPM concentrations/selected human plasma proteins (measured by LC-MS/MS and PEA using Olink® ImmunoOnc I panel, respectively) in PRE and TRM samples. The selected immuno-oncology PEA panel includes proteins involved in processes such as tumor promotion/suppression, tumor immunity, chemotaxis, vascular and tissue remodeling, apoptosis and cell killing and, metabolism. Reconstruction of correlation networks using Spearman correlation coefficient analyses were performed on plasma immune-related proteins and KPMs in PRE (Supplementary Tables 5, 7) and TRM groups (Supplementary Tables 6, 8). In this analysis, a node represents a KPM or immune-related biomarker, and an edge is defined by statistically significant correlations between biomarkers using correlation analyses. These values (cut-off: Spearman correlation ≥ 0.5; this is the highest level of correlation in which a network is not fragmented) were used to reconstruct networks in PRE and TRM CMM groups (49). Compared to the PRE network, the TRM network had more edges and higher median degree (Table 3A, Figures 3B,C, Supplementary Figure 7), which means nodes in TRM network tended to have a higher degree than those in the PRE-network (p = 0.007 based on a K-S test, Supplementary Figure 4A). This result indicates that distinct properties of the PRE and TRM network and changes in 3-HK levels in CMM plasma samples were associated with therapeutic intervention by MAPKIs. The median degree value was 4.0 in PRE-network and 6.0 in the TRM network. The total number of edges was significantly higher in the TRM network (n = 253) than in the PRE-network (n = 178) in a permutation test (p < 0.0001, Table 3, Supplementary Figure 4B). 3-HK has the highest number of connections in PRE and tended to lose interactions in the TRM group (Figure 4A).


Table 3. (A) Network characteristics (B) the overlapping between the hubs with differentially expressed parameters (PEA & LC-MS/MS) in PRE and TRM groups.
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FIGURE 3. The pattern of CMM plasma protein and KPMs in PRE-and TRM groups. (A) differentially regulated proteins in the CMM patient PRE vs. TRM based on PEA measurement, (B) correlation networks between all PRE, and (C) TRM CMM patients network (cut-off: Spearman correlation ≥ 0.5). Nodes represents a molecular feature, and an edge specifies a statistically significant Spearman correlation between two markers (nodes).
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FIGURE 4. Highly-connected biomarkers which were at or above the 80th percentile of the degree distribution in CMM patients. (A) 3-HK, (B) AA, (C) KYNA. The table represents a summary network feature.


On the other hand, AA and KYNA have the highest number of connections among the KPMs in the TRM network (Figures 4B,C). The value of the average clustering coefficient was 0.46 in the PRE network and 0.51 in the TRM network, indicating greater clustering tendency of the TRM network (Table 3). Together, 3-HK and KYNA interactions in the PRE-network identify the groups of proteins involved in the angiopoietin receptor Tie2 and the tyrosine phosphatase SHP2 signaling. Tie2 and SHP2 have inhibitory effect on Th1 differentiation (51–54); analysis was done by using functional annotation analysis of these sets of proteins with all gene sets in the Molecular Signatures Database (http://software.broadinstitute.org/gsea/msigdb/).

In particular IL-12, CD40, MMP-12, TNFRSF4, AA, CCL19, CXCL10, GZMB, IL12RB1, CD5, CD28, CCL3, CD8A, and CXCL11 were highly connected with other biomarkers in TRM network, but not in PRE-network (Table 3, Figures 3B,C, Supplementary Figures 5A,B). On the other hand, protein expression of KLRD1 (p < 0.05) and CXCL11 (p < 0.05) were higher than other proteins, measured by the PEA immuno-oncology panel, in TRM compared to PRE in CMM samples (Figure 3A, Supplementary Table 4). Despite insignificance of statistical power for the expression of CXCL9, CCL8, GZMA, and CCL3 (p = 0.06), the trend of higher expression in the mentioned proteins after treatment, worth attention, and evaluation in larger cohorts. Therefore, the interactions in the TRM network led to the identification of proteins that are involved in processes such as Th1/Th2 differentiation, IL12-mediated signaling events, and Toll-like receptor signaling; as shown by functional annotation analysis of this sets of proteins with all gene sets in the Molecular Signatures Database (http://software.broadinstitute.org/gsea/msigdb/).

Besides, we referred to mass spectrometry-based proteome analysis performed on parental A375 and the MAPKIs-resistant sublines (A375R) (Supplementary Figures 8B–D, Supplementary Table 9). These analyses show that KYNU expression was higher A375 cell line.

Furthermore, a set of highly correlated markers with KYNU is involved in activation of mTORC1 signaling pathway in this data sets (Supplementary Figure 8D). It is reported that TRP depletion leads to mTORC1 pathway suppression and consequently, cell-cycle arrest and T cell anergy (55–57). Thus, we speculated that the lower KYNU expression in A375R involves in acquisition of resistance to MAPKIs.

Moreover, we measured the KPMs concentration in A375 and A375R derived medium and cell lysate (Supplementary Table 10). Except 3HAA, all KPMs detected in the medium and in the cell lysate only TRP and KYN were detected. However, no differences were detected in the KPMs profile of these two cell lines, nor in the 48 h culture derived medium or in cell lysate (Supplementary Figure 8A).

We further investigated the KPM pathway alterations effect on the tumor/ immune cell. We explored whether Th1-cytokines, IFNγ and, TNF-α, can modulate the KYN downstream metabolites such as 3-HK, 3HAA, and AA in cancer cells. For this purpose, melanoma cell lines (A375 and A375R) were treated with IFNγ (50 ng/ml) and TNF- α (10 ng/ml). Although, 3HAA was not detected under these conditions and 3-HK levels was not affected by these cytokines, but IFNγ was able to induce AA in both cell lines (Supplementary Figure 8A).

Collectively, these results support that therapeutic intervention by MAPKIs leads to different kynurenine pathways metabolite trajectory which is of importance in altered Th1/Th2 differentiation markers in PRE and TRM CMM groups.




DISCUSSION

Much attention has been dedicated to determining how IDO1, which catalyzes the first and rate-limiting step of TRP degradation, modulates the immune response to tumors. Several clinical trials were designed to combine IDO1 inhibition with ICPIs (7–9). Despite expectations, a recent randomized phase 3 trial combining the IDO1 inhibitor, epacadostat, with pembrolizumab did not show any superior effect compared to pembrolizumab monotherapy in metastatic melanoma (10). This result indicates that the interplay between kynurenine biology and cancer is more complicated than was previously assumed. Besides decreased tryptophan/kynurenine ratio that has been associated with worse prognosis in several cancer types (58, 59), KP downstream metabolites could also play a role in tumoural immune escape. Therefore, inhibition of other components of the KP should be investigated in cancer therapy. Also, the complex interplay of the activity of the KP component may imply the existence of a feedback mechanism; e.g., KMO activity is one determinant of KYNA production by regulating the amount of KYN substrate available to KATs (60). However, the role of the KPMs, such as KYNA, 3-HK, and AA needs to be investigated further in cancers.

In this study, the cBioPortal with several hundreds of tumor biopsies obtained from different cancer types, including CMM, has been used. Intra-tumoural genetic alterations in KP enzymes have been reported in various cancer types. We also found that CMM and breast cancer patients have the highest KP related genes alteration. Moreover, CMM has the highest rate of KP mutations (>20%), specifically in KATs. Among KATs, CCBL2 is associated with poor survival in CMM patients. Furthermore, BRAF-mutant CMM retains distinct kynurenine pathway-related gene expression profiles compared to BRAF wild type, which suggests the existence of an association between mutation background and kynurenine pathway expression profiles.

Besides, we showed that KP metabolism is altered in PRE and TRM samples from CMM patients treated with MAPKIs, as reflected by changes in plasma levels of downstream metabolites. These new findings raise the question of whether altered kynurenine metabolism is a mean by which CMM cells escape immune attack. Interestingly, an altered ratio of KYNA: 3-HK was reported previously as an indicator of KP modulation in neurodegenerative disorders (61, 62).

By using correlation networks between KPMs and immune parameters, we identified 3-HK, AA, and KYNA as central nodes in network diagrams built around data from PRE and TRM patient samples. 3-HK and KYNA interactions in the PRE network identify groups of proteins such as CXCL13, IL-8, TIE2, ADGRG1, CCL20, and CXCL9 to be involved in Tie2 and SHP2 signaling with an inhibitory effect on Th1 differentiation (51–54) Interaction of Tie2, a tyrosine kinase receptor, with its ligand angiopoietin-1(Ang1), regulates angiogenesis which makes it an attractive target for cancer therapy (53). Furthermore, Ang1-Tie2 signaling suppresses T cell activation and promotes regulatory T cell expansion (52). Also, Tie2 regulation is involved in Th1 and CD8 immune responses (54). The tyrosine-protein phosphatase non-receptor type 11 (PTPN11), also known as SHP-2, is a critical intracellular regulator that mediates cell proliferation and differentiation (63). It is reported that SHP-2 suppresses Th1 immunity in the tumor microenvironment via the PD-1/SHP-2/STAT1/T-bet signaling axis (51).

On the other hand, correlation network analyses of samples from the same CMM patients showed that the TRM network was denser than the PRE network. Moreover, this analysis led to identification of proteins (CXCL11, IL-12, CD40, MMP-12, TNFRSF4, AA, CCL19, CXCL10, GZMB, IL12RB1, CD5, CD28, CCL3, and CD8A) to be highly connected with other biomarkers which are functionally enriched in processes such as Th1/Th2 regulatory switch, IL12-mediated signaling events and Toll-like receptor signaling.

These observations reveal the relative contribution of these proteins in T cell responses and show an association between higher 3-HK levels and CXCL11 and KLRD1 protein expression in CMM. CXCL11 itself is among the hubs in the TRM network (Table 3) and is a T cell activation marker. 3-HK is also connected to CD4+ and CXCL9 in TRM groups, the two factors that are involved in IL-23 signaling CXCL9 and CXCL10 also mediate the suppression of human CD4+ T cell activation by 3, 4-dimethoxycinnamonyl-anthranilic acid (tranilast) (64). While, KYNA connection to IL10, IL-7, and TNFRSF12A in TRM samples suggest an immune-regulatory role for KYNA (65, 66).

Additionally, higher expression of KYNU in A375 cell line compared with A375R was detected. Similarly, a set of highly correlated markers with KYNU is involved in the activation of mTORC1 signaling pathway, which plays a substantial role in the cell cycle and T cell proliferation (55–57).

Together, KP related enzymatic alteration in CMM tumor biopsies is associated with lower plasma level of 3-HK and 3HAA. MAPKIs therapy lead to induction of the 3-HK and 3HAA and is associated with Th1-like response.

Despite the small sample size, this is the first study that has assessed plasma KPMs-Immuno-oncology profiling of CMM patients. However, it is previously reported that lower level of KMO, 3-HK, and 3HAA is associated with less proliferative and exhausted CD4+ T-cells (67). In addition, Lee et al. presented a mild 3-HK increase is critical for cell death commitment and protects mitochondrial function, while more pronounced 3-HK increase induces the dysfunction of mitochondria and activate the apoptotic pathway (68). They additionally showed that 3-HK treatment reduced cell viability and co-treatment with ERK pathway inhibitor, PD98059, synergized in cell death induction. Similarly, active ERK decreased 3-HK induced-neural cell death and inhibition of ERK by specific ERK pathway inhibitor (PD98059) significantly impaired the 3-HK-induced cell death (68).

It is also reported that KYN potentiates the activity of the MAPK-ERK1/2 pathway (69), and inhibition of the MAPK pathway increases the serum levels of IFNγ and TNF-α (70). IFN-γ and TNF-α also induce KMO, KYNU expression as well as 3-HK production (71, 72). Therefore, we speculated that inhibition of MAPK pathway with MAPKIs impair the balance between MAPK pathways with KP activity and therefore activates compensatory feedback loops to elevate KP activation toward 3-HK and 3-HAA production.

Thus, the reduced KYNU expression in MAPKIs-resistant cell line (A375R) suggests that, this may be the rate-limiting step for the utilization of kynurenine. KYN directly activates aryl hydrocarbon receptors, resulting in the activation of immunosuppressive agents (19). Besides, strengthening KMO or KYNU activity leads to the utilization of KYN, and decreasing the excess amount of KYN in the plasma triggers immune evasion, a result that could restore immune surveillance (19). Hence, we speculate that treatments targeting KMO or KYNU may restore antitumor immunity.

However, our result contradicts those reports where the accumulation of KPMs such as 3-HK and 3HAA mediated cell apoptosis in T- B- and natural killer cells (NK) (25). Alternatively, Fallarino et al. reported that 3HAA would induce selective apoptosis in Th1 but not Th2 cells (73). They also suggest that the selective effects of KPMs on T cell apoptosis is not only are required for the maintenance of T cell homeostasis and self-tolerance, but also initiate specific disease conditions through an imbalanced T helper response, which does not necessarily disagree with our results.

In conclusion, this study provides a paradigm to investigate further how the many and seemingly different activities of KMPs could be expanded to accommodate a critical and possibly unifying role in immune regulation in CMM patient.
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Neem leaf glycoprotein (NLGP), a natural immunomodulator, attenuates murine carcinoma and melanoma metastasis, independent of primary tumor growth and alterations in basic cellular properties (cell proliferation, cytokine secretion, etc.). Colonization event of invasion–metastasis cascade was primarily inhibited by NLGP, with no effect on metastasis-related invasion, migration, and extravasation. High infiltration of interferon γ (IFN-γ)–secreting cytotoxic CD8+ T cells [CD44+, CD69+, GranB+, IFN-γ+, and interleukin 2+] was documented in the metastatic site of NLGP-treated mice. Systemic CD8+ T cell depletion abolished NLGP-mediated metastasis inhibition and reappeared upon adoptive transfer of NLGP-activated CD8+ T cells. Interferon γ-secreting from CD8+ T cells inhibit the expression of angiogenesis regulatory vascular endothelial growth factor and transforming growth factor β and have an impact on the prevention of colonization. Neem leaf glycoprotein modulates dendritic cells (DCs) for proper antigen presentation by its DC surface binding and upregulation of MHC-I/II, CD86, and CCR7. Neem leaf glycoprotein–treated DCs specifically imprint CXCR3 and CCR4 homing receptors on activated CD8+ T cells, which helps to infiltrate into metastatic sites to restrain colonization. Such NLGP's effect on DCs is translation dependent and transcription independent. Studies using ovalbumin, OVA257−264, and crude B16F10 antigen indicate MHC-I upregulation depends on the quantity of proteasome degradable peptide and only stimulates CD8+ T cells in the presence of antigen. Overall data suggest NLGP inhibits metastasis, in conjunction with tumor growth restriction, and thus might appear as a promising next-generation cancer immunotherapeutic.
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INTRODUCTION

Metastasis, an eminent hallmark of cancer (1), is an inefficacious and cumbersome expedition of tumor cells from primary to the secondary site(s) (2, 3) causing 90% cancer mortality worldwide (3). The invasion–metastasis cascade defines all the steps involved in metastasis formation; among them, successful colonization or macrometastasis formation is the last and crucial step for clinical manifestation of the disease. Disseminated tumor cells manipulate the tissue microenvironment to establish colonization successfully, including alteration in immune cell functions toward suppressive nature, as T cells and NK cells show a negative impact on colonization. Metastatic cancers illustrate low responsiveness toward classical treatments (3). Furthermore, the existence of occult systemic metastatic dissemination even before the initial detection of a primary tumor brings out extra perplexity in its treatment. Customized drugs, such as R428 (4), miR-10b antagonists (5), and Migrastatin (6), which perturb different steps of metastasis cascade (2, 7), such as invasion and migration, are incompatible for patient's treatment with already established micrometastasis (2). Hence, novel therapeutic strategies effective to act against already disseminated metastatic tumor cells (8–10) are required.

Neem leaf glycoprotein (NLGP) therapeutically restricts melanoma, carcinoma, and sarcoma solid tumor growth (11–15) by immunomodulation and increases survival of tumor host, which thus might exhibit beneficiary outcome against metastasis. To appraise this possibility, here, we had explored NLGP's antimetastatic potential against murine melanoma (B16F10) and carcinoma [Lewis lung carcinoma (LLC)]. We documented that, to combat metastasis, NLGP-mediated immunomodulation [activating CD8+ T cells via influencing maturation of dendritic cells (DCs)] primarily intervenes two hallmarks of cancer, that is, “avoiding immune destruction” and “angiogenesis” (1), which in turn aid to impede “colonization” (2, 7) of disseminated tumor cells at distal organs.



MATERIALS AND METHODS


Reagents, Media, and Antibodies

RPMI-1640, Dulbecco modified Eagle medium (DMEM)-high-glucose, heat-inactivated fetal bovine serum (FBS), tri-reagent, and carboxy-fluorescein-diacetate succinimidyl ester (CFSE) were purchased from Invitrogen (Grand Island, NY, USA). CD4–fluorescein isothiocyanate (FITC)/Cy-chrome, Foxp3-phycoerythrin (PE) monoclonal antibodies (mAbs), and Cytofix/Cytoperm kit were procured from BD Pharmingen (San Diego, CA, USA). Anti-CD25 (PE), anti–MHC-I [clone 28-8-6; clone 25-D1.16; PE, FITC, and antigen-presenting cell (APC)], anti-MHC-II (PE), anti-CD80 (PE), anti-CD86 (PE), anti-CCR7 (PE), anti-CD44 (PE), and anti-CD69 (FITC) were purchased from Biolegends (San Diego, CA, USA). Purified anti–mouse transforming growth factor β (TGF-β), vascular endothelial growth factor (VEGF), and interferon γ (IFN-γ) mAbs, secondary antibodies either fluorescence or peroxidase labeled, were obtained from e-Biosciences (San Diego, CA, USA). Cytotoxicity detection kit [based on lactate dehydrogenase (LDH) release] Cyber-Green were procured from Roche Diagnostics (Mannheim, Germany). Aminoethylcarbazol (AEC) chromogen solution and aqueous mounting media were purchased from VECTOR Laboratories Inc. (Burlingame, CA, USA). Reverse transcription–polymerase chain reaction (RT-PCR) primers and cDNA synthesis kit were procured from MWG-Biotech AG (Bangalore, India) and from Fermentaus (Thermo Fisher, Waltham, MA, USA). DAPI-shield, peroxidase secondary antibodies were purchased from Sigma (St. Louis, MO, USA). Different inhibitors were procured from Calbiochem-Merck-Millipore and Sigma. CD8+ T cell depleting antibody (clone 2.43) was purchased from Taconic (Petersburg, NY, USA).



Preparation of NLGP

Mature neem (Azadirachta indica) leaves of same size and deep green color (indicative of same age), plucked from neem trees (Geographic location of standard source: Salt Lake area of Kolkata, a City of West Bengal, India), were shed-dried and pulverized. Permission was taken to use such natural product from the National Biodiversity Authority (NBA), an autonomous and statutory body of the Ministry of Environment and Forests, Government of India (ref no. NBA/Tech Appl/9/518/12/14-15/4587). Leaf powder was soaked overnight in phosphate-buffered saline (PBS), pH 7.4; supernatant was collected by centrifugation at 1,500 revolutions/min (rpm). Crude neem leaf preparation was then extensively (four to five times) dialyzed against PBS, pH 7.4, and concentrated by Centricon membrane filter (Millipore Corporation, Bedford, MA, USA) with 10-kD molecular-weight cutoff. The purity of NLGP was checked by size exclusion–high-performance liquid chromatography (SE-HPLC) in a protein PAK 300 SW column of 7.5 mm (ID) ×30 cm. The protein peaks were determined by absorption at 280 nm in a UV recorder. Batch consistency of the NLGP is checked by HPLC and tumor growth restriction assay as per standard protocol.



Animals

Female C57BL/6J mice (4–6 weeks; average body weight of 20–23 g) were obtained from the animal facility of CNCI, Kolkata. Autoclaved dry pellet diet (Epic Laboratory, West Bengal Government, Kalyani, India) and water were given ad libitum. Maintenance and treatment of animals were conducted according to the guidelines established by the Institutional Animal Care and Ethics Committee vide approval no. IAEC-1774/RB-1/2015/3.



Cell Lines

B16F10 (melanoma) cell line was obtained from the National Center for Cell Sciences, Pune, India, and LLC (carcinoma) cell line was obtained from ATCC, Manassas VA, USA. Cells were cultured in complete DMEM high-glucose media supplemented with 10% (vol/vol) heat-inactivated FBS, 2 mM L-glutamine and penicillin (50 U/mL), and streptomycin (50 μg/mL) at 37°C with 5% CO2 and 95% humidity. As the cell lines were obtained from cell bank, cell authentication was not done by us.



Spontaneous Metastasis Model and NLGP Treatment

Solid tumors were developed in C57BL/6J mice by inoculation of B16F10 or LLC (5 × 105) cells subcutaneously on the right flank of mice. After palpable tumor formation, one group of mice was subcutaneously injected with NLGP (1 μg/g of body weight/injection); the other group was treated with PBS weekly for 4 weeks in total or once only as per the experimental requirement. Solid tumor growth (in mm2) was measured using the formula: (width × length). Tumor-bearing mice were euthanized by overdose of ketamine HCL (160 mg/kg) + xylazine (20 mg/kg) intraperitoneally (i.p.) as per Committee for the Purpose of Control and Supervision of Experiments on Animals guideline when tumor size reached 20 mm in either direction or the animal looks sick or any necrosis of tumor was occurred. The animal's health was monitored every day.



Experimental Metastasis Model and NLGP Treatment

For the development of lung metastasis, B16F10 or LLC cells (3 × 105 cells) were injected through tail-vein (t.v.). Following tumor inoculation, mice were subcutaneously injected with NLGP (1 μg/g of body weight/injection) weekly for 4 weeks in total, keeping a PBS-treated group as control.



Histology and Immunohistochemistry

Histology and immunohistochemical analysis were performed as described (13). In brief, tissues were fixed in 10% formalin (in normal saline) for standard histological preparations and embedded in paraffin. Sections (3 μm) were prepared with microtome and stained with hematoxylin-eosin following the standard staining protocol. For immunohistochemical analysis, sections were deparaffinized with xylene and rehydrated by alcohol gradient, and then the sections were blocked with 5% bovine serum albumin (BSA) solution and stained with different primary anti–mouse antibodies overnight at 4°C. After washing with 0.01% PBS–Tween 20, sections were incubated with horseradish peroxidase (HRP)–tagged secondary antibody for 90 min. Chromogenic color was developed with AEC substrate according to manufacturer's protocol after washing with 0.01% PBS–Tween 20. Sections were counter stained with hematoxylin.



Immunofluorescence and Confocal Microscopy

Cells were harvested by cytospin (1,500 rpm for 5 min) on poly-L-lysine–coated glass slides and fixed in methanol for 10 min (permeabilized with 0.01% Triton X after fixation). Fixed cells were stained with primary fluorescence antibody, mounted with fluoroshield-DAPI (Sigma, USA), and observed under fluorescence-microscope [LeicaDM4000B (Wetzlar, Germany) or Olympus BX53 (Shinjuku, Tokyo, Japan)] or confocal microscope (Carl Zeiss LSM800, Oberkochen, Germany).



Western Blot

Western blot of IFN-γ, granzyme B, TGF-β, VEGF, and cleaved caspase 3 was performed as described (12). Lungs were lysed in RIPA buffer. Lung lysates (50 mg) were separated on sodium dodecyl sulfate–polyacrylamide gel and transferred onto a polyvinylidene fluoride membrane for Western blotting. Incubation was performed for different primary antibodies after blocking with 5% BSA. After washing, blots were incubated with HRP-conjugated secondary antibody for 2 h at room temperature. Western lighting chemiluminescence detection kit (Pierce, Rockford, IL, USA) was used to develop bands. Data were scanned in Quantity one (Bio-Rad, Hercules, CA, USA).



Flow Cytometry

Flow-cytometric analysis was done as described (16). The data were generated by fluorometric analysis of 5,000, 10,000, 50,000, or 100,000 events as per experimental requirement. For cell-surface staining, cells were incubated with fluorescently labeled antibodies (specific and isotype-matched controls) for 30 min at 4°C in dark. Cells were washed twice with FACS buffer (0.1% BSA in PBS) and fixed in 1% paraformaldehyde before flow-cytometric acquisition. Intracellular molecules were stained with anti-mouse fluorescence-labeled antibodies using Cytofix/Cytoperm reagents according to the manufacturer's protocol (BD Biosciences, San Diego, CA, USA).



Cell-Death Analysis by Annexin V–Propidium Iodide Staining

Cells were stained according to the protocol given by the manufacturer, BD Pharmingen. Cells were washed twice with cold PBS and then resuspended in 1× binding buffer. Annexin V–FITC and propidium iodide (PI) (5 μL of each) were added and mixed gently with vortexing. Cells were incubated for 15 min at room temperature (25°C) in the dark followed by resuspending the cells with 400 μL of 1× binding buffer. Cells were analyzed immediately by flow cytometry.



Cell Cycle Analysis

Cells were harvested, fixed in chilled 70% ethanol with vortexing, followed by incubation at −20°C overnight. Cells were washed twice with PBS containing 0.1% sodium azide, followed by 50 μL (100 ng/mL) RNase treatment. Cells were stained with 200 μL (50 μg/mL) PI to analyze flow-cytometrically immediately.



Proliferation Assay With Ki67 Staining

Ki67 staining was done as described (16). In brief, cells were harvested and fixed in chilled 75% ethanol with vortexing, followed by incubation at −20°C overnight. Cells were washed with FACS buffer twice before staining with antibody.



Cytokine Quantification by Enzyme-Linked Immunosorbent Assay

Different protumorous cytokines from tumor conditioning media [VEGF, TGF-β, interleukin 10 (IL-10)] and cell supernatant from DC:T cell coculture (IL-2, IFN-γ) were measured (optical density at 450 nm) by enzyme-linked immunosorbent assay (ELISA) using microplate reader (BioTek Instruments Inc., Winooski, VT, USA).



RNA Isolation, cDNA Synthesis RT-PCR, and Real-Time PCR

Cellular total RNA was isolated using Trizol (Invitrogen, Camarillo, CA, USA). Random hexamers were used to generate corresponding cDNA according to the manufacturer's protocol (First Strand cDNA Synthesis Kit; Fermentas, Hanover, MD, USA). Amplification was performed using 2× green mix (Promega, Madison, WI, USA). Amplification of the target genes was done by gene-specific primers as described (11). Primer sequence, amplification cycle, and temperature are presented in Table S1. For real-time PCR, Cyber-Green (Roche Diagnostics) was used and amplified in light cycler (Roche, Basel, Switzerland).



In vitro Wound Healing Assay

A scratch was made with a scratcher on confluent B16F10 cells, followed by NLGP treatment (1.5 μg/mL). Wells were photographed at different time points to check the healing of wound (scratch).



In vitro Migration and Invasion Assay

Overnight serum-starved B16F10 or LLC cells were seeded in the upper chamber of either Transwell or BD invasion chamber (4 × 104 and 2 × 104 cells for migration and invasion, respectively) in serum-free media in presence or absence of NLGP. Migration or invasion was measured against the 10% FBS containing media for 12 h. Following incubation, cells were fixed with 2% paraformaldehyde and stained with 0.01% crystal violet. Cells in the upper chamber were removed by wiping with cotton swabs. Serum-free gradient was used as a negative control.



CFSE Staining, in vivo Migration Assay

B16F10 or LLC cells were stained with CFSE (5 mM) according to the manufacturer's protocol. Tumor (3 × 105) cells were adoptively transferred through t.v. injection. Lungs were harvested at desired time points and digested with collagenase (1.5 mg/mL) and DNase I (0.1 mg/mL) for 30 min at 37°C for single-cell preparation, and CFSE+ cells were analyzed by flow cytometry. In a separate set, harvested lungs were prepared for cryosectioning by standard method as described (11).



Isolation of T Lymphocytes

CD8+ T cells were isolated from spleen or metastatic lung (16) with the aid of positive selection using BD IMag Anti-Mouse CD8 Particles—DM (BD Biosciences). CD8+ T cells (>90% pure as confirmed flow-cytometrically) were either cocultured with DCs or transferred adoptively in mice.



CD8+ T Cell Depletion

Tumor-bearing mice were peritoneally injected with CD8-depleting antibody (100 μg/50 μL) 24 h prior to NLGP administration on each time point. CD8+ T cell depletion status in peripheral blood was monitored by flow cytometry.



Adoptive Transfer of NLGP-Activated CD8+ T Cells

Metastatic lungs were harvested from PBS- and NLGP-treated mice at desired time points (Figure S4DA) and digested with collagenase (1.5 mg/mL) and DNase I (0.1 mg/mL) for 30 min at 37°C for single-cell preparation. CD8+ T cells were isolated by magnetic bead–based positive selection (16). Isolated CD8+ T (2 × 105) cells were adoptively transferred through t.v. injection.



LDH Release and Antigen Restimulation Assay

CD8+ T cells were isolated from PBS- and NLGP-treated lungs. Cellular cytotoxicity of those CD8+ T cells was checked by measuring LDH release assay according to the manufacturer's protocol (Roche Diagnostics). For antigen restimulation assay, CD8+ T cells were restimulated, and secreted IFN-γ was measured by ELISA. Assay was performed by the method as described (15).



Evans Blue Assay

Evans blue solution (0.1% in PBS) was injected through t.v. After 30 min of incubation, mice were sacrificed, and macroscopic observation was made.



Generation of Bone Marrow–Derived DCs

A single-cell suspension was obtained after flushing bone marrow from tibia and femurs. Erythrocyte lysed (by ACK lysis buffer) cells (1 × 106 cells/mL) were cultured with complete RPMI-1640 medium containing 10% (vol/vol) heat-inactivated FBS, 2 mM L-glutamine, and Pen-Strep (50 U/mL penicillin, 50 μg/mL streptomycin), with recombinant mouse Granulocyte-macrophage colony-stimulating factor (rmGM-CSF) (10 ng/mL) and recombinant mouse Interleukin 4 (rmIL-4) (5 ng/mL) at 37°C in 5% CO2 for 6 days. Media including the supplements was refreshed every third day. On day 6 of culture, non-adherent cells were harvested and considered as immature bone marrow–derived DCs (BmDCs).



Preparation of Tumor-Conditioning Media

B16F10 or LLC cells were cultured in complete DMEM at 37°C in 5% CO2 up to 70% confluence. After washing, cells were cultured in fresh complete media for 48 h; exhausted media was collected and centrifuged at 2,000 rpm for 5 min, and culture supernatant was kept in aliquots at −80°C (for single use) after filtration with 0.22-μm membrane filter (Millipore, Darmstadt, Germany).



Acid Stripping Assay for MHC-I

Acid stripping of MHC-I was done according to the method described (17). Then MHC-I surface expression status was analyzed after NLGP (1.5 μg/mL) treatment in a time-dependent manner.



MHC-I Endocytosis Assay

Immature DCs were stained with MHC-I and then incubated at 37°C in presence or absence of NLGP, keeping controls at 4°C. After 12 h, surface MHC-I was removed by acid stripping, and internalized MHC-I was measured flow-cytometrically.



Inhibitor Assay for Antigen Processing and Presentation Pathway

Different inhibitors MG132 (0.5 μm), chloroquine (50 μm), ammonium chloride (10 mM), brefeldin A (10 nM), cytochalasin D (10 μm), cytochalasin B (20 μm), bortezomib (1 ng/mL), leupeptine (100 μm), dimethyl amilorite (200 μm), and cycloheximide (5 μm) were used to pretreat BmDCs. B16F10, LLC lysates, ovalbumin, and SIINFEKL were also used for different assays.



Preparation of Cell Lysates and Necrotic Cells

Viable B16F10 or LLC cells (1 × 107 cells/mL) in serum-free DMEM (measured by trypan blue dye exclusion assay) were lysed by 6 or 3 freeze (in liquid nitrogen)–thaw (at room temperature) cycles for lysate or necrotic cell preparation, respectively. The lysate was centrifuged at 15,000 rpm for 30 min at 4°C, and supernatant was collected. Total protein concentration was measured using Folin's phenol reagent. Necrotic cells were centrifuged at 2,500 rpm for 5 min, and collected cells were used in different experiments.



DC-CD8+ T Cell Coculture

Dendritic cells (2 × 105 cells/mL), after treatment with NLGP and cell lysate (for 24 h), were fixed with 0.008% glutaraldehyde, washed with PBS, and then cocultured with autologous purified CD8+ T cells (1 × 106 cells/mL) in a total volume of 200 μL in complete RPMI-1640 media for 7 days in a 96-well plate. Cells and supernatants were collected for further analysis.



Software and Statistical Analysis

ImageJ (National Institutes of Health, Bethesda, MD, USA) was used for image analysis, brightness–contrast adjustment, quantification of agarose gels, manual cell counting for invasion/migration assay, and measurement of wound healing. Quantity one (Bio-Rad) was used for Western blot gel scanning and Image Studiolite (LI-COR, Lincoln, NE, USA; version 5.2.5) was used for Western blot analysis. All reported results represent the mean ± SEM of data obtained in either one (in vivo; n = 6) or three to six (for in vitro assays) independent experiments. Statistical significance was established by unpaired Student t-test (for two groups) or one-way analysis of variance followed by Tukey post-hoc test (for more than two groups) using GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA). For survival study, Kaplan-Meier survival analysis followed by data analysis with log-rank (Mantel-Cox) test was used. Differences between groups attaining a p-value of 0.05 are considered as significant.




RESULTS


NLGP Attenuates Spontaneous Melanoma and Carcinoma Metastasis

The antimetastatic potential of NLGP was evaluated in B16F10 spontaneous metastasis model (SMM) in C57BL/6J mice keeping PBS-treated mice as control (Figure 1A). In addition to the NLGP-mediated reduction in primary tumor (35.39%) (Figures 1B1,B2), a reduced number of metastatic nodules were observed on lung surfaces [Figure 1B (inset), Figures 1C,F]. Neem leaf glycoprotein therapy caused proportionally less increment in lung weight and size (due to the metastatic burden, Figure 1E). Histopathological analysis (Figure 1D) confirmed such notion, where we found few macroscopic metastases in the NLGP-treated group (Figure 1H) compared to the PBS control. In addition to lungs, NLGP therapy also reduced metastasis in liver (Figures 1C,D,G), spleen, kidney, and lymph nodes (Figures S1A,B), whereas no metastasis reduction was found in tumor-draining lymph nodes (data not shown). Kaplan–Meier survival analysis suggested increased mice survival in the NLGP-treated group [median survival increased from 27 to 36 days after NLGP treatment (Figure 1I)]. To validate the antimetastatic role of NLGP, we repeated identical experiment with LLC (ectopic model)–bearing mice, and similar trend was obtained (Figures 1J–Q), which delineates the wide application of NLGP in reducing primary tumor with different etiopathologies and their metastases.
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FIGURE 1. Neem leaf glycoprotein attenuates both the primary tumor and spontaneous metastasis of B16F10 and LLC. (A) Experimental design showing tumor inoculation and NLGP treatment. The tumor was inoculated subcutaneously (s.c.) (n = 3, repeat for three times for B16F10 and n = 3, repeat for two times for LLC), and after the formation of palpable tumor, mice were treated with NLGP once a week for 4 weeks. (B1,J1) Representative photographs of primary tumor on day 31 after s.c. inoculation of B16F10 and LLC in PBS- and NLGP-treated mice, respectively. Inset: Pulmonary metastasis of corresponding mice. Metastatic nodules are shown by arrows. Arrows indicate profound angiogenesis at ventral skin in the PBS group. Arrowhead indicates the node metastasis. (B2,J2) The tumor growth curves of B16F10 and LLC tumors in C57BL/6 mice. Each data point indicates mean tumor volume ± SEM. Representative photographs of lungs and livers harvested on day 31 post- (C) B16F10 and (K) LLC s.c. inoculation. Arrows point to surface metastatic nodules, which indicate 10 mm. Scale bar was assigned with the aid of ImageJ software after adjusting the scale with the original ruler. Both organs and ruler were photographed in the same frame. Representative hematoxylin-eosin staining of 5 μm lung (10×) and liver (20×) sections of B16F10 (D) and LLC (L) from PBS- and NLGP-treated mice. Arrow indicates metastatic foci. Scale bar 50 μ. Dot plots indicate (E,M) mean weight ± SEM of the lung; (F,N) numbers of metastatic nodules ± SEM; (G,O) mean weight ± SEM of the liver of mice harvested 31 days after s.c. B16F10 and LLC cell inoculation, respectively, in each case. Unpaired t-test was used to determine statistical significance. P-values are indicated in the corresponding graph. (H,P) Bar diagrams indicate the percentage of macroscopic metastasis in lung and liver from B16F10 and LLC inoculated. (I,Q) Kaplan-Meier survival analysis for B16F10 and LLC, respectively (n = 9 and n = 7 for B16F10 and LLC, respectively, repeat once). Data were analyzed by log-range test. Inset: Indicates mice number, median survival, and statistical value.




NLGP-Attenuated Metastasis Is Independent of the Primary Tumor Growth

Considering the linear relationship between primary tumor volume and metastasis, we checked the impact of NLGP-mediated primary tumor reduction on metastasis development. Accordingly, we used the experimental metastasis model (EMM) where tumor cells were inoculated intravenously without developing any primary tumor. On treatment completion (Figure 2A), we found a marked decrease in metastatic foci on the lung surface in NLGP cohort (Figures 2A2,A3) than PBS-treated mice in both melanoma and carcinoma models. Organ weight (Figures 2B1–B4) and histopathology (Figures 2C1,C2) data collectively support this notion. Neem leaf glycoprotein treatment also reduced distant metastasis in other organs (Figure S2A) with increased mice survival (Figures S2B.1,B.2).
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FIGURE 2. Neem leaf glycoprotein does not alter primary tumor cell properties. (A1) Schematic presentation of experiment design. Tumor cells were injected through t.v. followed by NLGP administration on the next day for once a week for 4 weeks, and mice were sacrificed following treatment completion (n = 3, for three times). (A2,A3) Representative photograph shows PBS- and NLGP-treated mice with its corresponding metastatic lungs (B16F10 and LLC), respectively. Dot plots indicate (B1,B3) mean lung weight ± SEM; (B2,B4) mean liver weight ± SEM of B16F10 and LLC bearing tumor host. (C1,C2) Representative hematoxylin-eosin–stained lung and liver sections of B16F10 and LLC mice. (D1,D2) B16F10 and LLC cells were treated with NLGP (1.5 μg/mL). Representative flow-cytometric dot plot overlaid, and histogram data represent the annexin V+ PI+, Ki67+, and PI+ cells from PBS- and NLGP-treated B16F10 and LLC cells (n = 1, repeat for three times). Neem leaf glycoprotein–treated and PBS tumor cell supernatant were analyzed for different cytokines by ELISA. Dot plots indicate mean amount of VEGF, TGF-β, and IL-2 for B16F10 (D3) and LLC (D4) cells, respectively (n = 1, repeat for three times; see Figures S2B.1,B.2; for statistical analysis). (D5,D6) Total RNA was isolated from NLGP- and PBS-treated tumor cells, and gene expression of VEGF, TGFβ, and IL-10 was analyzed against beta-actin as housekeeping gene (n = 1, repeat for three times).


As intrinsic and/or extrinsic properties of tumor cells influence metastasis, we assessed the effect of NLGP on relevant biological parameters, for example, apoptosis, proliferation, cell cycle, and cytokine production of B16F10 and LLC cells. Data obtained from these assays confirmed that in vitro NLGP treatment has no direct effect on tumor cells or their secretomes (Figures 2D1–D6; Figures S2C.1–C.4). Cumulative data suggest primary tumor reduction and/or alteration of basic primary tumor cell properties are not responsible for the NLGP-mediated metastasis inhibition. The possibility of NLGP-mediated alteration on EMT and invasion is also ruled out, as these steps are absent in EMM.



NLGP-Attenuated Metastasis Is Independent of Tumor Cell Migration

As we know the antimetastasis effect of NLGP is not dependent on the reduction of the primary tumor growth, next, we hypothesized that NLGP may alter cancer cell migration to prevent metastasis. Results obtained from in vitro Transwell migration (Figures 3A1,A2) and scratch wound healing assay (Figure 3B) revealed that NLGP inhibits migration. To validate these in vitro results in vivo, CFSE-labeled tumor cells (B16F10 or LLC) were injected t.v. (Figure 3C1), and lungs were harvested from NLGP-treated and control mice following 6 and 18 h. However, no significant difference in the accumulation of CFSE+ tumor cells in the lungs from both groups of mice was observed by flow cytometry (Figures 3C2,C3) and immunofluorescence analysis (Figure 3D1; Figure S3A). The discrepancy between in vitro and in vivo observations suggests that in vivo NLGP treatment did not attenuate tumor cell migration to lungs to prevent metastasis. We further assume that direct interaction of NLGP with tumor cells in vitro might result to this attenuation, and such “direct interaction” was absent in vivo. To validate this, in vitro NLGP–pretreated (for 24 h) tumor cells were inoculated t.v., and significantly fewer number of tumor cells were detected in the lungs compared to the PBS-treated group (Figures S3B.1–B.5), supporting our earlier assumption.
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FIGURE 3. Neem leaf glycoprotein does not attenuate tumor cell migration. (A1) In vitro migration assay was performed in 8-μm pore Transwell insert with overnight serum starve tumor cells (B16F10 and LLC) against 10% heat-inactivated FBS in presence and absence of NLGP (1.5 μg/mL). Representative photographs of one of three independent experiments show crystal violet (0.01%)–stained migrated cells (after 16 h). Serum-free gradient was used as negative control. Dot plot (A2) indicates the mean number of migrated cells ± SEM of five separate fields from the same experiment. One-way analysis of variance (ANOVA) was used for statistical analysis followed by Tukey multiple-comparisons test. (B) A scratch wound was made in a full confluent B16F10 cell layer with a cell scratcher. Wound healing was monitored in a time-dependent manner in presence or absence of NLGP (1.5 μg/mL). Representative photograph shows one of three independent experiments. Wound closure was measured by using ImageJ by calculating the distance between the edge manually. Two-way ANOVA was used for statistical analysis followed by Bonferroni test. ***p < 0.001. (C1) Schematic experimental design. Tumor cells (B16F10 and LLC) were stained with CFSE followed by t.v. injection (n = 3, repeats for one). Mice were sacrificed following 6 and 18 h of tumor inoculation, and lungs were harvested. (C2) Representative dot plot image of flow-cytometric analysis of CFSE+ tumor cells in lungs after 6 and 18 h of tumor inoculation. (C3) Bar diagram indicates mean CFSE+ tumor cells ± SEM (n = 3). (D1,D2) Representative immune-fluorescence image of harvested lung sections at 10× magnification (n = 3, repeat for one). CFSE+ tumor cells are indicated by green color. Scale bar 200 μm. **p < 0.005.


On the other hand, an equal number of CFSE+ tumor cells were detected in lungs from both groups after 18 h, suggesting NLGP treatment did not affect the extravasation and initial survival of tumor cells in lungs (Figures 3C2,D2).

Of note, in vitro NLGP treatment also reduced invasion (Figures S3C.1,C.2) and tube formation in B16F10 tumor cells (Figure S3D).



NLGP Augments Immune-Mediated Killing and Prevents Systemic Neoangiogenesis to Hamper Colonization of Extravagated Cells

As migration and extravasation of metastatic cells remain unaltered after NLGP treatment, next, we checked NLGP's effect on colonization. Colonization (2, 7) depends on the premetastatic niche (18) formation with a simultaneous escape from immune-mediated killing (19–21) and induction of neoangiogenesis (22, 23). Hence, we measured the presence of CD11b+F4/80+, VEGFR1+ (24) (Figure 4A), and other related cells, which aid in niche formation (Figure S4AA), within lungs at the early time point (day 2 after tumor inoculation). Presence of identical number of cells in both groups indirectly indicates that NLGP did not alter the metastatic niche formation to abrogate metastasis.
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FIGURE 4. Neem leaf glycoprotein intervenes metastatic colonization. Representative overlaid counter plot and histograms show the status of (A) F4/80+CD11b+ and VEGFR1+ and (B) CD8+ T cells. Corresponding dot plot indicates mean percentage of target cells ± SEM (n = 3, repeat for one, for F4/80+CD11b+ and VEGFR1+, and n = 5 for CD8+ T cells repeat for one). (C1) Representative figure indicates presence of CD44+IFN-γ+ and CD69+GranB+ cells within gated CD8+ T cells on day 24 in PBS- and NLGP-treated lungs. Corresponding dot plot indicates percentage of target cells ± SEM (n = 3, repeat for one). (C2) Different gene transcription was analyzed by RT-PCR. Agarose gel shows the expression of IFNγ and GranB transcripts. Corresponding bar diagram indicates the fold change in expression as measured by ImageJ software. (C3) Total protein was isolated from PBS- and NLGP-treated lungs (day 24; n = 3, repeat for one) to check the expression of cleaved caspase 3, granzyme B, IFN-γ, TGF-β, and VEGF at protein level by Western blot. Expression intensity was measured by LI-CORE lite software. Unpaired t-test was performed to analyze statistical significance. The p-values are indicated in figure. (D1) CD8+ T cells were isolated by magnetic bead positive selection from PBS- and NLGP-treated mouse lung (day 24) and adoptively transferred into another group of mice with metastases (see also Figure S4DA). The second group of mice was sacrificed, and lungs were harvested. Representative lung image indicates fewer number of metastatic nodules in mice, received adoptively transferred CD8+ T cells from NLGP-treated mice (n = 3, repeat for one; see also Figures S4DA.1,A.2). (D2) Flow-cytometric dot plot shows the status of CD8+ T cells in peripheral blood after in vivo CD8+ T cell depletion (for details, see Figure S4DB.1). (D3) Representative photograph of lungs from different groups shows that CD8+ T cell depletion majorly abrogate NLGP's antimetastatic efficiency (n = 3, repeat for one and Figure S4FB.2). (E) Immunohistochemistry was performed in paraffin-embedded sequential lung sections (5 μm) for VEGF, TGF-β, IFN-γ, Ki-67, and cleaved caspase 3 from PBS- and NLGP-treated mice. (F) Representative image shows tumor (B16F10 and LLC)–induced angiogenesis in PBS- and NLGP-treated mice for both SMM and EMM. Black arrows indicate angiogenesis at ventral skin. Blue arrows indicate angiogenesis at mesenteric site (see Figures 1B1,J1; Figures S4FA,B). (G) Representative flow-cytometric overlaid counter plot indicates presence of CD31+ and VEGFR2+ cells in PBS- and NLGP-treated mice lungs (day 24, n = 3, repeat for one). Corresponding dot plot indicates percentage of target cells ± SEM (n = 3). (H) Agarose gel electrophoresis data show the expression of VEGF, TGFβ, HIF1α, CD31, and VEGFR2 transcripts in three different samples against the housekeeping gene beta-actin and GAPDH. (N.B., C2,H used the same housekeeping gene as control; as both are analyzed from same lung samples) Corresponding bar diagram indicates the fold change in expression. Expression intensity was measured by ImageJ software. *p < 0.05, **p < 0.005.


To elucidate the NLGP's effect on immune-mediated tumor cell killing, first, we checked the CD8+ T cell activation status in EMM and found elevated proportion of splenic CD8+, CD8+Ki67+, CD8+CD44+, CD8+IL-2+, and CD8+IFN-γ+ T cells in NLGP-treated cohort (Figures S4BA,B), which led us to hypothesize that activated CD8+ T cells might infiltrate into the lungs to reduce metastasis. High lung infiltration of CD8+ T cells (Figure 4B) further confirmed these observation. Lung infiltrated CD8+ T cells were also CD44+IFN-γ+ and GranB+CD69+ (Figure 4C1; Figure S4CA). In order to assess the cytotoxic potential of these CD8+ T cells, ex vivo LDH release assay was performed, and high cytotoxic ability of CD8+ T cells was documented toward B16F10 cells. Antigen restimulation (with B16F10 antigen) assay revealed higher IFN-γ release from the same T cells of the NLGP-treated mice group only (Figures S4CB,C) in both cases. To further confirm the functionality of these CD8+ T cells in vivo, we measured the expression of IFN-γ, granzyme B, and cleaved caspase 3 in lung microenvironment and detected higher expression of these molecules in NLGP-treated cohort (Figures 4C2,C3). Next, cleaved caspase 3 expression was measured to assess the death of tumor cells within lung nodules, which support greater tumor cell killing in the NLGP cohort (Figure 4E). Assessment of proliferation status using Ki67 marker showed lesser proliferation of tumor cells in NLGP-treated cohort (Figure 4E). No major alteration was found in CD5+CD19+, NK1.1+IFN-γ+, and CD11c+CD11b+ cells (day 24, Figure S4AA).

To further corroborate the contribution of CD8+ T cells in NLGP-mediated metastasis prevention, we isolated CD8+ T cells from metastatic lungs of NLGP and PBS-treated mice and adoptively transferred these CD8+T cells (2 × 105) into a separate mice cohort, already inoculated with B16F10 cells (72 h earlier via t.v. injection; Figure S4DA). After 15 days, mice with adoptively transferred CD8+ T cells from the NLGP cohort exhibited reduced pulmonary metastasis in comparison to the PBS-treated group (Figure 4D1; Figures S4D,A.2,A.3). In a separate experiment, we systematically and specifically depleted CD8+ T cells in vivo using specific depleting antibody 24 h before NLGP injection (Figure S4DB.1) and found that CD8+ T cell depletion eliminates NLGP's effect on metastasis (Figures 4D2,D3; Figure S4DB.2). Accordingly, low expression of cleaved caspase 3 was observed after CD8+ T cell depletion in lungs of the NLGP-treated group Figure S4DB.3). Furthermore, treatment with ex vivo NLGP-treated CD8+ T cell does not reduce metastasis compared to ex vivo PBS-treated CD8+ T cell treatment (Figures S4EA1–A3). Based on all these results, we concluded that NLGP treatment orchestrated CD8+ T cell–mediated tumor cell killing to reduce colonization, thereby metastasis.

Furthermore, we macroscopically found a reduction in angiogenesis in the NLGP-treated mice from SMM and EMM (Figures 1B1,J1, 4F; Figures S4FA,B). Assessment of the status of angiogenesis revealed a smaller number of CD31+VEGFR2+ endothelial cells in lungs from mice of the NLGP cohort, indicating lesser angiogenesis (Figure 4G). Simultaneously, VEGF, TGF-β, and hypoxia-inducible factor 1α (HIF-1α) expression was downregulated in lungs (Figures 4E, H) of mice from the NLGP cohort. Evans blue injection shows reduced angiogenesis in the NLGP-treated group with documentation of less leakiness in blood vessels (Figure S4G).



NLGP Modulates DC Functions to Activate CD8+ T Cells

Considering the central role of CD8+ T cells for NLGP-influenced antimetastasis, next, we studied the mechanism of CD8+ T cell activation during NLGP therapy. As naive T cell activation requires support from professional APCs, mainly from DCs (25), we studied in vivo modulation of DCs by NLGP. Tumor-draining lymph node (TDLN) cells were collected after 48 h of NLGP treatment and found higher per-cell MHC-I expression along with increased CD80 and CCR7 in comparison to control (Figures 5A1,A2, also in contralateral lymph node and tumor; Figure S5AA). Immunofluorescence analysis of MHC-I in TDLN also supports this notion (Figures 5A3,A4). For further validation, BmDCs Figure S5BA; optimum upregulation in 32 h; Figure S5BB) were exposed to tumor-conditioning media (TCM) to mimic tumor milieu, and upregulated MHC-I, CD80, and CCR7 expression was observed (Figures 5B1,B2) following NLGP supplementation (CD11c+ cells 77.77–89.93%; Figure S5DC). MHC-II was also upregulated in this condition by NLGP (Figures S5CA,B). NLGP induced upregulation of MHC I also evident by immunofluorescence (Figures 5C.1,C.2).


[image: Figure 5]
FIGURE 5. Neem leaf glycoprotein–activated DCs modulate CD8+ T cells. (A1) Following 48 h of NLGP administration, TDLN was isolated, and MHC-I, CD80, CD86, and CCR7 expressions were measured by flow cytometry (n = 3, repeat for once). (A2) Bar diagram indicates the mean of MFI ± SEM of MHC-I or mean percentage positive ± SEM of CD80, CD86, and CCR7 (n = 3, repeat for once). (A3) Representative image shows the MHC-I expression in PBS- and NLGP-treated TDLN (n = 3, repeat for one). (A4) Bar diagram indicates mean fluorescence intensity of MHC-I expression ± SEM of lymph node. (B1) Immature BmDCs (day 6) were treated with and without TCM and NLGP for 32 h followed by analysis of MHC-I, CD80, CD86, and CCR7 expression. Representative offset histograms show expression of MHC-I, CD80, CD86, and CCR7 (n = 1, repeat for five times for MHC-I and four times for CD80, CD86, and CCR7). (B2) Dot plot shows the mean target cells ± SEM. One-way ANOVA was used followed by Tukey multiple comparisons. (C1) Representative image shows the surface MHC-I expression on BmDCs. (C2) Bar diagram represents mean MHC-I expression intensity ± SEM (n = 1, repeat for three times). *p < 0.05, **p < 0.005.


In addition to TDLN-DCs, next, we checked MHC-I expression in lung CD103+ DCs; however, no NLGP-mediated alteration was noted (Figure S4AA). This result suggests that NLGP might not directly modulate lung DCs to activate T cells; rather, activated T cells possibly migrate from TDLNs. To check this notion, we analyzed some candidate lung homing markers such as CXCR3, CCR4, CCR5, and CCR6 (26–28) in lung infiltrated CD8+ T cells, and higher proportion of CXCR3+CD8+ and CCR4+CD8+ T cells was detected (Figure S5DA) in the NLGP-treated cohort. However, expression of CCL22, CCL17 and CXCL10, CXCL9 [chemoattractant for CCR4 and CXCR3, respectively (28)] revealed no significant difference in transcript levels (Figure S5DB). These data indicate that the higher infiltration of CXCR3+CD8+ and CCR4+CD8+ T cells in lung of the NLGP-treated cohort was due to the greater abundance of CXCR3+CD8+ and CCR4+CD8+ T cells. Next, we validated this in vivo observation in vitro; TCM-exposed BmDCs imprinted the same homing marker (CXCR3 and CCR4) on purified CD8+ T cells after DC:T (1:10) cell coculture (Figure S5DC) in presence of NLGP.



NLGP-Mediated MHC-I Upregulation Is Translation Dependent, but Transcription Independent

Interestingly, NLGP-mediated MHC-I upregulation was transcription independent; as we found, there was no alteration in the mRNA transcript level of genes such as H2K, H2D, CD80, CD86, and CCR7 by real-time PCR (Figure 6A). Tapasine, TAP1, TAP2, PA28α, PA28β, PA28γ, LMP2, LMP7, LMP10, ERp57, calnexin, calreticulin, cathepsin S, cathepsin B, cathepsin L, cathepsin D, and CIITA genes were also analyzed by semiquantitative RT-PCR (Figures S6AA.1,A.2). But treatment with cycloheximide (protein translation inhibitor) partially hampers NLGP-mediated MHC-I upregulation (Figure 6B; Figure S6DA), indicating NLGP-mediated MHC-I alteration is translation dependent. As cycloheximide inhibits translational machinery (29), we were unable to specify any protein(s), getting altered after NLGP treatment. To explain NLGP-mediated MHC-I translation, we measured first whether there is any alteration in MHC-I endocytosis in the presence of NLGP, because reduction in endocytosis may give rise to higher surface MHC-I expression. Neem leaf glycoprotein did not alter MHC-I endocytosis (Figures 6C1,C2), indicating that NLGP-mediated MHC-I upregulation is not due to alteration in endocytosis. Next, we wanted to check whether the NLGP-induced increment of MHC-I occurs due to export of antigen-loaded MHC-I from the cytosol rather than retention of MHC-I molecule on surface over time. We stripped all the surface MHC-I by acid stripping, followed by NLGP treatment. The NLGP-treated group exhibits more surface MHC-I expression compared to control (Figures 6D1,D2), confirming the NLGP-mediated export of MHC-I from the cytosol to surface. Accordingly, enhanced surface expression of MHC-I was noted. To further verify the enhancement, we treated the BmDCs with cycloheximide after acid stripping, and the NLGP-induced MHC-I increment was hampered (Figures 6D1,D2) in presence of cycloheximide. Next, we checked whether there is a reduction in intracellular pool of MHC-I during NLGP-mediated increment of surface MHC-I. To address this, we stained surface and intracellular MHC-I by differently tagged anti-H2Kb/H2Db antibody and assessed using flow cytometry, immunofluorescence (Figures S6BA,CA), and confocal microscopy (Figures 6E.1,E.2). Such analysis revealed that NLGP treatment increases both the surface and intracellular MHC-I, suggesting the potentiation of MHC-I translation by NLGP.
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FIGURE 6. Neem leaf glycoprotein–mediated MHC-I upregulation is translation dependent. (A) Expressions of H2K, H2D, β2m, CD80, CD86, and CCR7 were assessed by real-time PCR. Data were analyzed by delta-delta-Cq methods compared to β-actin (n = 1, repeat for once) (n = 2). (B) Effect of cycloheximide (5 μM) H on NLGP-induced MHC-I upregulation was assayed. Offset histogram plot represents one of the experimental data of three independent experiments (n = 1, repeat for three times; see also Figure S6DA). (C1) Effect of NLGP on normal MHC-I endocytosis was determined. Representative histogram figure shows NLGP does not alter MHC-I endocytosis. (C2) Dot plot indicates mean MFI ± SEM of MHC-I molecules from MHC-I endocytosis assay. Data indicate that at 37°C NLGP did not alter MHC-I endocytosis (n = 1, repeat for three times). Data were analyzed by one-way ANOVA. (D1) Representative data show one result from three independent experiments of acid striping. (D2) Dot plot indicates mean MFI ± SEM of MHC-I molecules from acid stripping experiment (n = 1, repeat for three times). Data were analyzed by one-way ANOVA. (E1) Representative image shows the expression of intracellular and surface MHC-I by confocal microscopy (n = 1, repeat for four times). (E2) Bar diagram represents the mean intensity ± SEM of intracellular and surface MHC-I. (F) Effect of different inhibitors on the NLGP-induced MHC-I upregulation (see also Figure S6DA) (G) Representative histogram represents expressions of Ki-67. Dot plot shows the mean ± SEM (n = 1, repeat for three times). (H) Dot plot indicates mean IL-2/IFN-γ ± SEM by ELISA (n = 2, repeat for three times). One-way ANOVA was used and followed by Tukey multiple comparisons. *p < 0.05, **p < 0.005, ***p < 0.0005.


As NLGP upregulates MHC-I, next we wanted to know how alterations in antigen processing and presentation affect this upregulation. We found that in the presence of proteasome inhibitors, MG132 and bortezomib, NLGP-mediated MHC-I upregulation was inhibited. This observation clearly suggested that, in the absence of proteosome-generated peptide, NLGP treatment does not increase the surface expression of MHC-I and hence does not alter the basic principle, which states that only antigen-peptide–bound MHC-I gets exported to the cell surface. Protein transport inhibitor, brefeldin A, also inhibits NLGP-mediated MHC-I upregulation, which is also in line with the basic principle of cellular export, whereas phagosome and lysosome fusion inhibitor (chloroquine and NH4Cl) enhanced NLGP-induced MHC-I expression. As phagosome and lysosome fusion gets inhibited by chloroquine and NH4Cl, it creates opportunity for antigen within phagosome to get export into cytosol for proteasome-mediated degradation. Hence, this leads to increase in total pool of proteasome-derived peptide, which in turn augments in the NLGP-mediated MHC-I increment. Cysteine protease inhibitor, leupeptin, which inhibits the cathepsin family protein within the phagolysosome, probably does not aid in antigenic protein export within cytosol, and hence does not augment NLGP-mediated MHC-I upregulation to a significant level. Phagocytosis inhibitors, cytochalasin D and cytochalasin B, and macropinocytosis inhibitor, dimethyl amiloride, did not show any effect (Figure 6F; Figures S6DA,B). From these results, we concluded that NLGP-mediated MHC-I upregulation is proteasome sensitive, and increase in cytosolic protein (by treatment with chloroquine, NH4Cl) augments this upregulation and indicates the possible involvement of NLGP in cross-presentation as cross-presentation is very relevant in tumor biology, where extracellular proteins are presented in the context of MHC-I.

Next, we addressed whether the presence of antigen (30) can induce the synergistic effect with NLGP, but detected no synergistic effect for both soluble tumor cellular lysate and necrotic antigen (Figures S6EA,B) in respect to MHC-I expression, but an upsurge of CD8+ T cell proliferation (Figure 6G) with IL-2 and IFN-γ production (Figure 6H) was found in antigen + NLGP group compared to the NLGP group when these DCs were cocultured with CD8+ T cells. To investigate further, we used OVA and OVA257−264 (SIINFEKL) as a foreign antigen. Two different antibodies were used; one specifically detects SIINFEKL-bound H2Kb, and the other detects antigen-bound H2Kb/H2Db. More MHC-I expression was detected by H2Kb/H2Db-specific antibody in the NLGP-treated group, whereas slight increment was detected by SIINFEKL-specific H2Kb (Figures S6FA,B). Hence, we concluded that NLGP indeed aids to export peptide-bound MHC-I [both SIINFEKL-bound (generate from OVA or SIINFEKL peptide) and cytosolic peptide–bound] molecules independent of their nature.




DISCUSSION

In context to the tumor growth restriction by NLGP (11–15), here, we explored the antimetastatic role of NLGP using preclinical models, SMM (2, 7, 31) and EMM (31, 32). Metastatic growth is still uncontrollable by modern therapy (8–10). Thus, a new regimen to control metastasis is highly desired. Along with reported tumor growth restricting property of NLGP, it also reduces the associated metastasis, as seen in B16F10 and LLC models. Interestingly, the antimetastatic property of NLGP does not depend on alteration in primary tumor, as we observed metastasis inhibition in EMM (no primary tumor) also. This observation established NLGP as a better choice of drug in postsurgical occult metastasis treatment, because in the absence of primary tumor, NLGP is effective to reduce metastasis. Moreover, in the light of “parallel progression model” (33), contrary to “linear progression model” (2), it becomes evident that initiating an early treatment with antimetastatic therapy might be more beneficiary to manage the micrometastasis, which is generally present during initial detection of the primary tumor. Henceforth, anticancer therapy with NLGP will give an edge over the other drugs targeting primary tumors only.

Mechanistically, NLGP does not interfere with intrinsic tumor cell properties such as cellular proliferation, cell cycle, apoptosis, and cytokine secretion and steps such as migration, extravasation, and premetastatic niche formation (24). In fact, niche formation concept was first coined by Stephen Paget in his “seed and soil” hypothesis (31) in 1889. Recently, with the advent in knowledge on tumor microenvironment and stromal cell biology, many researchers are interested to target the niche or soil (34, 35) instead of metastatic cells for its prevention. Despite no significant alteration in metastatic soil, NLGP intervenes the last and rate-limiting step of invasion metastasis cascade known as colonization (2, 36, 37). Colonization or formation of macrometastasis is strictly controlled by the balance between proliferation and elimination of tumor cells, which is under immune surveillance (19–21). Moreover, induction of neoangiogenesis (22, 23) promotes colonization. Our initial macroscopic and microscopic (histopathological) analyses have clearly shown a reduced number of the metastatic colony in different organs of the NLGP-treated mice. Both reduced size and colony number indicate attenuation of colonization. Mechanistically, apart from the systemic induction of type 1 immune activation, a greater number of CD8+ T cells were detected in metastatic lungs from NLGP-treated mice to prevent colonization. The principal limitation for any T cell–based therapy is functional exhaustion of tumor-reactive T cells (38, 39), and such exhaustion limits the success of several immunotherapeutics (18). Interestingly, NLGP-treated T cells from tumor hosts are in activated state, as discussed in detail in the Results section. In situ examination of cleaved caspase 3, ex vivo LDH release assay, and antigen-restimulation assay suggest infiltrated CD8+ T cells are functionally active. We further confirmed the involvement of NLGP-activated CD8+ T cells in metastasis reduction, by a pair of reversible experiments, either by introducing NLGP-activated CD8+ T cells or by depleting CD8+ T cells. Adoptive transfer of NLGP-activated CD8+ T cells remarkably reduces the metastatic burden. On the other hand, CD8+ T cell depletion in the NLGP-treated mice evidenced no antimetastatic activity. Additionally, we found reduced atrophied thymus in NLGP-treated tumor hosts (Figure S7), probably aiding to maintain overall CD8+ T cell pool participating in metastasis reduction. In metastatic mice, atrophied thymus causes arrest in DN2 to DN3 transition, resulting from a scarcity of double-positive as well as single positive CD8+ T cells, which leads to metastasis promotion (Guha et al.; unpublished observation). Apart from CD8+ T cell–dependent killing, we macroscopically detected reduced angiogenesis in the tumor and its adjacent areas; those are which were in line with the previous observation (13). Reduced angiogenesis (low level of CD31+ and VEGFR2+ cells), along with the decreased level of angiogenesis regulatory factors such as VEGF and TGF-β, was detected in metastatic lungs after NLGP treatment. This may have an indirect role in metastasis attenuation. However, this study does not demonstrate the particular mechanism of reduced angiogenesis, but immune-mediated (mainly by IFN-γ) angiogenesis inhibition is already documented by us (13) and others (40).

However, NLGP does not activate CD8+ T cells directly; rather, NLGP modulates altered APC functions. In tumor condition, APCs such as DCs become immature and lose its primary antigen-presenting ability (41), which gets rectified by NLGP. Neem leaf glycoprotein enhances the surface expression of MHC-I, CD80, and CCR7 on DCs and simultaneously specifically imprints CCR4/CXCR3 homing receptor expression on T cells. This helps in regaining activation of naive CD8+ T cells with the homing capacity to the primary tumor (42) and multiple metastatic sites (28), although other homing receptors (28) are not studied here except CCR5 and CCR6 with showing expression.

We recently established that NLGP acts via dectin-1 receptor to modulate DCs (Ganguly et al.; unpublished observation), and further elucidation of the signaling pathway is ongoing. T cell activation by dectin-1–stimulated DCs has been reported by others in context to fungal infection; however, the literature on antitumor role of dectin-1–activated DCs is very limited (43–48). LeibundGut-Landmann et al. (43) only showed that dectin-1–activated DCs promote antimetastatic cytotoxic CD8+ T cells, whereas other studies focus on the primary tumor (44, 45). The uniqueness of NLGP relies on the fact that it aided the export of the peptide:MHC-I complex, depending on the quantity of self and/or antigenic peptidome (which are generated by proteasomal cleavage) present within cytosol rather than the quality of the peptidome. This feature ensures that NLGP-treated DCs give rise to functional T cell activation only in the presence of tumor-associated or tumor-specific antigen. Interestingly, a similar observation was also made by LiebundGut-Landmann et al., where CD8+ T cell proliferation only occurred by curdlan-induced dectin-1–activated DCs in the presence of antigen (43). Overall, the stringent requirement of antigen in CD8+ T cell activation by dectin-1–induced DC reduced the chances of bystander immunotoxicity, which occurs with many immunotherapeutic drugs (49, 50). On the other hand, this particular feature theoretically predicts that NLGP will be beneficial for a tumor with multiple antigens such as melanoma but may not be beneficiary against tumor with minimal tumor antigen.

Validation of NLGP's effect in preclinical human tumor models is not possible because of CD8+ T cell dependence of NLGP action. Preclinical exploration of human tumor model specifically demands the use of nude or SCID mice, and those are immune compromised and lack CD8+ T cells, in particular.

A conglomeration of all these results proves that NLGP, via altering maturation of DCs, generates antigen-specific activated CD8+ T cells, which skews the ongoing dialogue between the immune system and cancer cells to prevent the primary tumor growth and metastatic colonization. Based on our accumulated data from present or previous studies, we are in good faith that adjuvant and/or neoadjuvant treatment with NLGP in combination with other immunotherapy and/or chemotherapy will exhibit synergistic benefits in clinical outcome.
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Iron is an essential nutrient that plays a complex role in cancer biology. Iron metabolism must be tightly controlled within cells. Whilst fundamental to many cellular processes and required for cell survival, excess labile iron is toxic to cells. Increased iron metabolism is associated with malignant transformation, cancer progression, drug resistance and immune evasion. Depleting intracellular iron stores, either with the use of iron chelating agents or mimicking endogenous regulation mechanisms, such as microRNAs, present attractive therapeutic opportunities, some of which are currently under clinical investigation. Alternatively, iron overload can result in a form of regulated cell death, ferroptosis, which can be activated in cancer cells presenting an alternative anti-cancer strategy. This review focuses on alterations in iron metabolism that enable cancer cells to meet metabolic demands required during different stages of tumorigenesis in relation to metastasis and immune response. The strength of current evidence is considered, gaps in knowledge are highlighted and controversies relating to the role of iron and therapeutic targeting potential are discussed. The key question we address within this review is whether iron modulation represents a useful approach for treating metastatic disease and whether it could be employed in combination with existing targeted drugs and immune-based therapies to enhance their efficacy.
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INTRODUCTION

Iron is an essential element utilized by living cells during many cellular processes. However, evidence links iron to various diseases including cancer. The biological activity of iron stems from cycling between ferrous (Fe2+) and ferric (Fe3+) states by accepting or donating electrons in cellular reactions. Efficient electron transfer underlies its importance as an enzyme cofactor, many of which are involved in DNA replication. Iron bioavailability is, therefore, rate-limiting during DNA synthesis and cells which undergo rapid division require more iron. It is, therefore, not surprising that iron accumulation is often observed in tumor tissues. Recently, iron accumulation at sites of chronic inflammation was proposed as a root cause of malignancy (1). Excess Fe2+ and H2O2 participate in Fenton reactions, generating reactive oxygen species (ROS), ·OH and OH–. Glycolytic ATP generation and nucleotide synthesis are increased to neutralize excess OH−, which drives DNA synthesis and cell division (1). Furthermore, hydroxyl radicals can cause changes that lead to persistent inflammation and cell survival/proliferation signals (1). Yet, hydroxyl radicals can also damage lipids in the cell membrane triggering ferroptosis (2). This iron-dependent form of cell death represents a potential strategy to inhibit tumor growth. Therefore, while iron accumulation may be conducive to malignant transformation or iron-dependent cell death, maintaining stable iron levels is necessary for cancer progression.

Metastasis is the major contributor to cancer mortality and morbidity. Over 90% of cancer-related deaths are due to metastases (3). Metastatic disease is rarely treated effectively with surgery alone, so patients receive systemic treatments, such as chemotherapies, targeted and immune-based therapies. However, drug resistance is common and, hence, many cancers will continue to progress or recur. Iron plays a role in initiating and supporting metastasis in several ways. While a single genetic mutation, amplification or deletion is insufficient to cause metastasis, the accumulation of ROS through Fenton reactions can stimulate widespread modifications to DNA, proteins and lipids which promotes a more aggressive tumor phenotype. ROS induce metabolic rewiring in cancer cells toward glycolysis, a feature described as the “Warburg effect,” however, the byproducts of this process increase intracellular acidity and in response, protons are exported into the extracellular space creating an acidic microenvironment (4). The acidic environment breaks down the extracellular matrix (ECM), promotes neo-vascularization, suppresses T cell activity and induces migration and invasion (4). Innate immune cells and cancer associated fibroblasts are also a major source of iron and ROS, essentially adding fuel to the fire and creating the perfect storm for a reaction that cannot be biologically regulated. This review will explain cellular iron metabolism and homeostasis mechanisms that go awry to support tumor growth and progression as well as potential iron-based therapeutic strategies to treat cancer.



CELLULAR IRON METABOLISM

Iron metabolism involves tightly controlled cellular uptake, utilization, storage and export mechanisms, as illustrated in Figure 1. Most iron is stored in red blood cells and is a major source of systemic iron through their degradation, releasing iron from heme and making it available for other cells to utilize (5). Dietary iron uptake occurs through divalent metal ion transporter 1 (DMT1) expressed on enterocytes in the duodenum and upper ilium in the small intestine (6). Iron is transported from the sites of absorption to other tissues predominantly by binding to the protein transferrin (Tf). Tf binds to transferrin receptors, TfR1 or TfR2, and the complex is internalized by endocytosis. Inside the endosome, the acidic environment (pH 5.5) facilitates dissociation of iron from the complex. Iron is reduced by six-transmembrane epithelial antigen of the prostate 3 (STEAP3) and exported by DMT1 into the intracellular labile iron pool (LIP) to be utilized, stored, or oxidized by ceruloplasmin and exported from the cell by ferroportin. TfR is either recycled to internalize more Tf-Fe or degraded. Iron is also bound to other ligands termed non-transferrin bound iron (NTBI), circulating ferritin and hemoglobin/heme, can also transport iron and are taken up by cells using different mechanisms which are described in more detail below.


[image: Figure 1]
FIGURE 1. Iron is transported to cells bound to proteins belonging to the transferrin family including transferrin (Tf), melanotransferrin (MTf), and lactoferrin (Lf), circulating ferritin, lipocalin 2 (LCN2) or integrated in heme proteins, such as hemoglobin. Iron uptake predominantly occurs through endocytosis of transferrin receptors (TfR1 or TfR2) bound to Tf. Within the endosome iron is released from Tf, reduced by STEAP metalloreductases and exported into the cytoplasm via divalent metal transporter 1 (DMT1). Non-transferrin bound iron (NTBI), which has been reduced by STEAP or Dcytb, can be directly transported by DMT1, Zrt-, and Irt-like protein 8 and 14 (ZIP8 and ZIP14). Heme iron is taken up by scavenger receptors clusters of differentiation 91 and 163 (CD91 and CD163), whilst circulating ferritin is imported via scavenger receptor class A member 5 (SCARA5). Iron is utilized within the mitochondria for heme and Fe-S cluster synthesis which are important for ATP production. Iron is used as a co-factor for numerous enzymes to activate cell signaling and control gene expression, such as NRF2 which activates transcription of antioxidant genes in response to oxidative stress. Excess labile iron gives rise to reactive oxygen species (ROS), therefore iron is safely stored within different cellular compartments by cytoplasmic ferritin, nuclear ferritin (NuFt), and mitochondrial ferritin (MtFt) or in some cases forms aggregates termed hemosiderin. Intracellular iron levels can be reduced by efflux via ferroportin, export of heme by feline leukemia virus subgroup C cellular receptor 1a (FLVCR1a) or released in exosomes bound to ferritin.


Iron utilization occurs within the mitochondria, cytoplasm and nucleus. Iron is required in the mitochondria for synthesis of heme and Fe-S clusters, both of which are essential cofactors in energy production through transfer of electrons between mitochondrial respiratory complexes (7). Shifts in redox state of Fe-S clusters also act as a surveillance mechanism to detect DNA damage (8, 9). Outside of its role in the mitochondria, iron acts as an essential cofactor for the activity of many enzymes. For example, deoxyhypusine hydroxylase (DOHH) is a cytoplasmic iron-dependent enzyme that catalyzes the addition of a unique amino acid called hypusine, to eukaryotic initiation factor 5A (eIF5A), thereby coordinating its activity during protein translation and is an important process for controlling cell growth and mRNA decay (10). The nuclear enzyme ribonucleotide reductase (RNR) requires iron to mediate synthesis of deoxyribonucleotides, the building blocks used for DNA replication and repair (9). Given that iron is required in different cell compartments multiple reservoirs exist with iron safely stored and released as required.

Excess intracellular iron is primarily stored in the form of ferritin. It is a 24-mer complex made up of ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL) subunits that form a hollow nanocage, storing ~4,500 Fe3+ atoms per complex (11). Although similar in sequence (55% shared) the two ferritin subunits have different functions and their ratios differ in tissues. Organs with high iron turnover (e.g., heart) contain more FTH1 as it possesses ferroxidase activity, while organs that store iron (e.g., liver) have more FTL which facilitates the storage of iron in the core (12). Nuclear ferritin protects DNA by sequestering free iron and releases it to activate iron-dependent enzymes and relax the DNA structure in preparation for synthesis (12). Nuclear and cytoplasmic ferritins are the same, although they do not contain a nuclear localization signal, so the mechanism of translocation remains unclear (12). In contrast, mitochondrial ferritin (MtFt) contains a mitochondrial targeting sequence and lacks an iron-responsive element (IRE) and, thus, it is not subject to the same regulatory mechanisms as other ferritins (13). Iron accumulates in mitochondria as a result of defective heme and Fe-S cluster synthesis, yet it is still unclear whether cytosolic iron levels influence iron accumulation in mitochondria. It is likely that because MtFt lacks iron regulation, levels that exceed MtFt storage capacity will give rise to Fenton reaction-induced ROS leading to diseases including cancer.



IRON HOMEOSTASIS

Iron homeostasis is achieved through regulating gene transcription, protein synthesis, and degradation (Figure 2). Metabolism of iron and oxygen are inexplicably linked and share some of the same regulatory mechanisms which are reviewed by Renassia et al. (14), Shah et al. (15), and in the context of cancer by Pfeifhofer-Obermair et al. (16). When iron homeostasis is disrupted excess levels cause oxidative stress resulting from an imbalance between the abundance of ROS and antioxidants. ROS are targeted by antioxidant systems which reduce them to non-reactive H2O before damage ensues (17). The transcription factor, nuclear factor erythroid 2-related factor 2 (NRF2), is a master regulator of oxidative stress (18). In response to oxidative stress NRF2 translocates into nucleus and activates gene expression. This results in increased expression of antioxidant proteins to reduce ROS, as well as ferritins and ferroportin to reduce the LIP and prevent further ROS formation. Besides being destructive, ROS also act as a signaling molecule activating pathways, such as the epidermal growth factor receptor (EGFR) pathway (19). Downstream of EGFR are PI3K-Akt (Akt) and mitogen-activated protein kinases (MAPK) which activate mammalian target of rapamycin (mTOR) and proto-oncogene c-Myc (c-Myc) that are often hyper-activated in cancers. C-Myc is a transcription factor that represses expression of FTH1/FTL and activates expression of TfR1 and DMT1 to increase the intracellular LIP (20), and therefore provides a link between oncogenic signaling and iron metabolism.
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FIGURE 2. Iron metabolism is regulated through transcriptional, post-transcriptional and proteosomal mechanisms. In low intracellular iron conditions c-Myc acts as a transcriptional activator of iron import genes TfR1 and DMT1 and represses expression of ferritin to increase the intracellular labile iron pool (LIP). In the cytoplasm iron regulatory proteins 1 and 2 (IRP1/IRP2) bind to iron responsive elements (IREs) in the 5′-UTR of ferritin and ferroportin mRNAs blocking their translation, whilst binding to 3′-UTR IREs stabilizes TfR1 and DMT1 mRNAs ensuring their translation. mRNAs may also be subject to post-transcriptional control by specific microRNAs (miRs) which bind to the 3′-UTR to inhibit translation or induce degradation of the transcript. To reduce systemic iron levels hepcidin is released by liver cells and targets ferroportin for lysosomal degradation thereby reducing export of iron into the blood stream. Degradation of ferritin is a mechanism for controlling intracellular labile iron levels by undergoing proteosomal or lysosomal degradation, to liberate iron from the nanocage and reduce apo-protein levels. When intracellular iron is high and oxidative stress is imminent NRF2 activates transcription of ferritin and ferroportin genes. In this case the IRPs are degraded and, hence, their translation is activated, whilst TfR1 and DMT1 mRNAs undergo endonuclease attack or are downregulated by miRs. Excess iron is stored in ferritin or exported from the cell via ferroportin. Further iron import is inhibited by degradation of TfR1 and DMT1 proteins or release from the cell membrane [internalization in the endosome or release in extracellular vesicles (EV)].


mRNAs that contain IREs are subject to control by iron regulatory proteins, IRP1 and IRP2, which act in response to cellular iron levels. IREs are stem-loop structures that are present within the 5′- or 3′-untranslated region (UTR) of mRNAs (5). In low iron conditions (Figure 2), binding of IRP1 or IRP2 to IREs located in the 5′-UTR inhibits translation of mRNAs, such as ferritin or ferroportin by blocking the recruitment of ribosomes. Alternatively, binding of IRPs to the 3′-UTR stabilizes mRNAs including TfR1 and DMT1. The net effect is an increase in the LIP through reduced synthesis of iron export/storage proteins and an increase of iron importers. In contrast, high labile iron induces proteosomal degradation of IRPs, such that translation of ferritin mRNAs and ferroportin are unobstructed, while mRNAs with 3′-UTR IREs are subject to endonuclease attack and degraded. Therefore, homeostasis is maintained by producing more proteins for iron efflux over influx and ferritin is made available to store iron and prevent oxidative stress. Iron sensing transpires through Fe2+ acting directly on the IRPs and by binding to IREs, causing a conformational change that impairs affinity of IRP for IREs (21). This indicates that IRP activity, and IRE structure and location coordinately determine expression of these genes and presents one type of exquisite post-transcriptional control.

Gene expression is also controlled at the post-transcription level by microRNAs (miRNAs). miRNAs are short (~22 nucleotides) non-coding RNAs which control gene expression through targeting mRNAs for degradation or repressing their translation (22). Hence, miRNAs regulate many genes including those involved in iron metabolism (Figure 2), but miRNAs are also controlled by iron levels. For instance, intestinal iron absorption by enterocytes can be regulated by levels of DMT1 which is a target of the miRNA, let-7d (23). The miRNA biogenesis pathway is also subject to regulation, modifying the abundance and function of miRNAs and can be affected by intracellular iron levels (24). To elaborate, poly(C)-binding protein 2 (PCBP2) functions by forming a multimeric complex which binds to miRNA precursors and presents them to DICER for processing into mature sequences, but excess iron impairs PCBP2 activity, thereby reducing the abundance of mature miRNAs. This is relevant because some miRNAs function as tumor suppressors, consequently their loss removes the brake on expression of oncogenes that drive transformation and tumor progression. Li et al. found that iron chelators can enhance processing of miRNA precursors by promoting PCBP2 multimerization and subsequent association of PCBP2 with the precursors and DICER processing (24). Therefore, due to their reciprocal relationship, miRNA mimics could be used to regulate iron metabolism or iron chelation could be used to promote expression and function of tumor suppressor miRNAs.

Iron homeostasis is maintained through protein degradation pathways. Hepcidin is a peptide hormone that controls systemic iron levels by inducing ferroportin degradation (Figure 2). When systemic iron is high, hepcidin is released by the liver into the circulation which induces internalization, ubiquitination, and degradation of ferroportin in lysosomes to prevent the release of iron from cells (25). Conversely, when systemic iron is low, ferroportin isn't targeted for degradation permitting iron export into the blood stream (26). This mechanism is important for duodenal enterocytes to control dietary iron absorption, macrophages which recycle iron from senescent erythrocytes, and hepatocytes which store/release iron as required (26). High ferroportin has also been linked to ferritin degradation (27). Ferritin is degraded through lysosomal or proteosomal mechanisms depending whether degradation is necessary to liberate iron or because ferritin isn't required (28, 29). For example, agents which reduce intracellular iron (e.g., membrane-permeable iron chelators) induce proteasomal degradation of ferritin, whilst those that limit iron uptake (e.g., impermeable iron chelators) promote degradation via the lysosome and activate autophagy (27). Iron import is also controlled by lysosomal or proteasomal degradation of TfR1 and DMT1 or by release from the plasma membrane into extracellular vesicles or endosomes (6, 30, 31). Therefore, post-translational mechanisms are another level of control to ensure iron homeostasis.



ALTERED IRON METABOLISM IN TUMORS

Altered iron metabolism is considered a hallmark of cancer (32–34). Increased intercellular iron import and reduced iron export is common in many cancers, but dysregulation can occur at all stages of iron metabolism. Table 1 summarizes altered expression of iron-related proteins in cancers and their potential prognostic value.


Table 1. Expression of iron metabolism related proteins and relevance to cancer.
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Iron Transport

The major iron transporters belong to the transferrin family including transferrin (Tf), melanotransferrin (MTf), and lactoferrin (Lf). Ovotransferrin is the avian equivalent and is a dietary source of Tf through consumption of eggs, but it is not endogenously expressed in humans. The carcinogenic role of transferrins depends on their saturation, whereby the apo (iron free) form can be chemopreventive/therapeutic by binding intracellular iron by reducing the LIP or holo (iron saturated) form it may be tumorigenic by acting as a source of iron for utilization by cancer cells. The following section describes the current knowledge for each of the human transferrins in the context of cancer.

Epidemiology studies measuring serum Tf established the link between high iron levels and cancer risk. As the major transporter of systemic iron, serum Tf is used as a marker of body iron levels. A study by Stevens et al. of >14,000 participants found that men with elevated saturated serum Tf (TS) were more likely to develop and die from cancer (80). Another cohort of >40,000 subjects observed levels exceeding 60% TS were highly correlated with colorectal (CRC) and lung cancer (35). Surprisingly, lower TS and higher iron-free Tf was observed in stomach cancers, which could be partly explained by Helicobacter pylori infection, which decreases iron absorption and iron is lost through hemorrhagic gastritis (81). Although most studies have measured serum Tf it is still unclear how well it correlates to levels of tumor Tf. Public data show that Tf mRNA is detectable in many cancers, but is highly enriched in liver cancer and although moderate cytoplasmic immunostaining for Tf protein was observed the vast majority was extracellular (www.proteinatlas.org). With liver being the main site of Tf synthesis it is not surprising that liver cancer tissue is enriched with Tf, but it remains to be determined whether liver cells remain the primary source of Tf for other cancers or whether tumor cells activate Tf synthesis independently to facilitate the transport of iron to the tumor microenvironment.

MTf was one of the first cell surface markers identified for melanoma. MTf can be membrane-bound or circulate in plasma (sMTf). Some liposarcomas, breast, and lung cancers also express MTf (37). MTf was highly expressed in CRC tissues, compared to normal adjacent tissue and in the serum of patients compared to healthy controls, suggesting potential as a diagnostic marker (38). Cell culture studies suggest that although MTf binds iron, it plays a minor role in cellular uptake (82). Characterization of MTf−/− mice found no differences in the LIP compared to wild-type, nor changes in iron metabolism genes (83). However, engraftment of human melanoma cells with downregulated MTf had delayed tumor initiation and reduced growth in mice (83). MTf expression on melanoma cells also correlated with ability to transmigrate through brain endothelial cells to form brain metastases in mice (84, 85). This process is being explored to deliver therapeutic agents across the blood brain barrier (BBB) (86). The physiological relevance of sMTf is still unclear because of its inefficiency in donating iron compared to Tf and inability to bind transferrin receptors (87). However, sMTf has been found to promote cell migration and invasion through interaction with the urokinase-type plasminogen activator system in vitro and in a chick chorioallantoic membrane angiogenesis assay (85, 88). Taken together, MTf has both diagnostic and therapeutic implications and may play an important role in metastasis.

Lf is being investigated as a tumor suppressor through its role in iron sequestration. Lf has been implicated as both a tumor suppressor and potential chemotherapeutic, although whether the anti-cancer activity is related to its iron-binding capacity remains controversial (89, 90). Low Lf expression has been detected in gastric cancer (41) and nasopharyngeal (42) tumor tissues compared to normal. Hypermethylation of the Lf promoter has been observed in prostate cancer cell lines suggesting epigenetic silencing is a means of Lf loss in epithelial cells (39). Accordingly, Lf mRNA and protein expression was lower in prostate tumor cells, tissues, and serum of patients compared to normal (39). Although Lf is often not detectable in tumor tissues, Lf positivity correlates with good prognostic features including low Ki67 proliferation index and high progression-free and overall survival (40). Oral Lf (human and bovine) is being investigated as a chemopreventive and adjuvant therapy for several types of cancer. Lf supplement reduced growth, inhibited cell cycle progression and induced apoptosis of cancer cells in vitro (39, 91). Additionally, a clinical study of CRC patients receiving oral bovine Lf and chemotherapy had clinical benefit (92). Hence, Lf warrants further investigation as a prognostic marker and as a potential adjuvant cancer treatment.

Lipocalin 2 (LCN2), also known as neutrophil gelatinase-associated lipocalin (NGAL), is a secreted glycoprotein involved in iron trafficking. Increased LCN2 expression has been observed in ovarian (43), thyroid (44), breast (45, 93), lung (94), colon (46), and pancreatic (95, 96) cancers. In breast and thyroid cancers high LCN2 expression strongly correlated with advanced tumor grade and poor prognosis, but in ovarian, pancreatic and CRC it was associated well-differentiated tumors and a good prognosis (93). Overexpression of LCN2 in CRC cells suppressed proliferation, migration and invasion in vitro and tumor growth and metastasis in vivo (46). Similar tumor suppressive functions have been observed in liver cancer (47). Rather perplexing though, modulating LCN2 expression in human pancreatic cancer cells did not affect cell viability in vitro, but once engrafted LCN2-overexpressing tumors were smaller, poorly vascularized and had fewer metastases in an orthotopic nude mouse model (96). In contrast, in mice with diet-induced pancreatic cancer on a LCN2−/− background had fewer and smaller tumors, less inflammation (reduced infiltration of CD45+ leukocyte cells and F4/80+ macrophages) and fibrosis compared to wild-type (95). Moreover, when murine tumor cells expressing LCN2 were implanted in LCN2 null mice, tumor growth was delayed and survival increased suggesting that expression in stromal cells within the tumor microenvironment is important for progression. As LCN2 null mice had lower expression of ferritin, and hence lower iron levels in pancreatic tissue, one explanation may be that the iron load of LCN2 determines its tumorigenic function. Rehwald et al. found that holo-LCN2 significantly induced migration and spheroid growth of renal cell carcinoma cells whereas iron-free LCN2 inhibited it (97). In sum, the role of LCN2 may be cancer-type specific and depend on iron saturation.



Iron Uptake

Upregulation of TfR1 is often evident in cancers and promotes progression. As reviewed by Shen et al. TfR1 is overexpressed in leukemia, glioma, glioblastoma multiforme (GBM), breast, colon, liver, ovarian, prostate, and lung cancers, where it is correlated with poor clinical outcome and response to chemotherapy (48). Knockdown of TfR1 with a shRNA reduced proliferation and colony formation of pancreatic adenocarcinoma cells through impairing mitochondrial respiration and decreased ROS production (98). Likewise, antisense oligonucleotides against TfR1 inhibited tumor growth and lung metastases in the 4T1 mammary adenocarcinoma mouse model (99). Conflicting evidence is reported for CRC with histology showing TfR1 was elevated in tumors but associated with better survival rates and modifying TfR1 expression was said to promote growth, migration and invasion of CRC cell lines and suppress it in other reports (100–102). Most studies, indicate TfR1 is oncogenic, but there may be some circumstances where moderate TfR1 tumor expression is beneficial.

TfR2 is pro-tumorigenic by activating cell survival signaling rather than through importing iron. In contrast to the ubiquitously expressed TfR1, TfR2 is primarily expressed in liver and some cancer cells (50). TfR2 lacks an IRE sequence so its expression is not directly regulated by iron levels (103). TfR2 expression is primarily controlled through Tf where binding holo-Tf causes stabilization and recycling of the protein and apo-Tf induces lysosomal degradation. TfR2 binds holo-Tf with much lower affinity than TfR1 supporting its role as an iron-sensor rather than major importer (103). When TfR2 binds to holo-Tf, its internalization activates MAPK signaling which in turn mediates hepcidin synthesis (51). TfR2 is highly expressed in GBM and correlated with tumor grade, but inversely correlated with patient survival and TfR2 silencing in GBM cells inhibited proliferation and cell cycle progression (51). TfR2 was inversely correlated with leukemia tumor burden and overall survival (52). TfR2 is expressed in some colon cancer tissues and not normal colon epithelium, but was not associated with tumor grade (53). Thus, TfR2 could be involved in initiation and later adaptive mechanisms resulting in improved patient survival.

Three membrane iron transporters have been identified DMT1, Zrt-, and Irt-like protein 14 (ZIP14) and zinc transporter ZIP8 (ZIP8). DMT1 is important for iron uptake across the apical membrane of the gastrointestinal tract and intracellular endosomal membrane transport (6). Several reports suggest DMT1 is responsible for intracellular iron accumulation to support CRC proliferation (104–106). DMT1 was overexpressed in colon tumors compared to normal adjacent tissue and correlated with worse prognosis (104). Colon specific knockout of DMT1 reduced tumor burden in CRC mouse models (104, 105). DMT1 is also overexpressed in esophageal cancer (49). ZIP14 and ZIP8 are zinc transporters that also mediate cellular iron uptake through direct transport of NTBI across the cell membrane (5). Additionally, ZIP14 can export Tf-Fe from the endosome to the cytoplasm similar to DMT1. ZIP14 is important for uptake of NTBI especially by the liver and interestingly, knockdown of p53 which is known to alter iron metabolism, increased iron uptake by ZIP14 in HepG2 liver cancer cells (107). Research on ZIP8 has focused on its role in zinc transport in cancers or iron overload disorders and its iron-dependent role in cancer is unclear (108). For these transporters to internalize iron and, hence, drive iron-dependent cancer growth, iron must be in the reduced ferrous form.

The STEAP1-STEAP4 ferrireductases and cytochrome b reductase 1 (Dcytb) reduce iron for cellular uptake. Although STEAP1 does not possess metalloreductase activity, it co-localizes with the Tf-TfR1 complex in endosomes, suggesting that it still plays a role in iron metabolism. STEAP1 is overexpressed in several types of human cancer tissues and cell lines, including prostate, bladder, colon, pancreas, ovary, testis, breast, cervix, and Ewing sarcoma and has been implicated as a driver of cancer cell proliferation, invasion, and immune evasion (109). STEAP2 is overexpressed in prostate cancer tissues and knockdown of STEAP2 in cell lines inhibits proliferation, cell cycle progression and induces apoptosis through regulation of the MAPK pathway (109). STEAP3 regulates vesicular trafficking and its interaction with several targets can inhibit cell cycle progression and induce apoptosis (109). Likewise, STEAP4 is also involved in trafficking, where its expression is induced by several cytokines and, thus, plays a role in inflammation, however, information regarding its role in cancer is vague (109). Dcytb reduction of ferric iron is important for absorption by duodenal enterocytes, but it has also been identified as a predictor of outcome and chemotherapy response for breast cancer patients (75). In conclusion, ferrireductases play an important role in iron uptake and in doing so contribute to cancer progression.

Heme-bound iron is taken up by scavenger receptors clusters of differentiation 163 and 91 (CD163 and CD91). Although CD163 is primarily expressed on monocytes and macrophages it has been detected on tumor cells with high malignant potential. However, tumor cell lines do not express CD163, even after stimulation with macrophage activating cytokines, so it has been hypothesized that tumor cells fuse with macrophages becoming more genetically unstable and aggressive (110). Assessment of patient tissues with CD163-positive tumor cells correlated with higher tumor grade, invasiveness, radioresistance and poor progression free- and overall survival in melanoma (111), breast (54, 112, 113), CRC (113), renal cell (114), and gastric (115) carcinomas. CD91 is overexpressed in breast, gliomas, and endometrial carcinomas and low expression of CD91 was correlated with low metastatic potential of liver cancers (55). Knockdown studies in gliomas established it as a modulator of cancer cell proliferation, migration, invasion and apoptosis through regulation of MAPK, Akt, c-Jun N-terminal kinases (JNK), and nuclear factor κ B (NF-κB) oncogenic signaling (55). Therefore, heme scavengers contribute to tumorigenesis.

Serum ferritin is a diagnostic and prognostic cancer biomarker for some cancers. Ferritin is often elevated in the serum of cancer patients including those with neuroblastoma (63), Hodgkinson's lymphoma (64), cervical (65), oral squamous cell (66), renal cell (67), T cell lymphoma (68), CRC (69), and breast (70) cancers and were often associated with increased tumor grade and shorter survival. Tumor-associated macrophages (TAMs) are proposed to be the major source of high serum ferritin in cancer patients. TAMs synthesize and secrete ferritin into the microenvironment to metabolically reprogram the cancer cells stimulating proliferation, angiogenesis and immunosuppression in a paracrine manner (116). TfR1 has been considered as an importer of FTH1 in humans, while scavenger receptor class A member 5 (SCARA5) was identified as the importer for FTL. SCARA5 is downregulated in cancers and correlated with high tumor grade, metastasis and poor survival (117). Stable overexpression of SCARA5 inhibited proliferation, migration and invasion and promoted cell cycle arrest and apoptosis in breast cancer cells (117). Although iron poor, TAM-derived serum ferritin stimulates proliferation of cancer cells in an iron-independent manner which may account for anti-intuitive correlation of SCARA5 and cancer suppressive affects.



Iron Storage

Ferritin sub-unit expression and intracellular distribution determine prognosis. For instance, immunostained GBM tissues had elevated FTL and mRNA expression correlated with poor survival, whereas no statistical difference was evident for FTH1 (55). Additionally, immunofluorescence of GBM cell lines showed FTL was mainly localized in the nucleus. In melanoma samples, high FTL was detected in primary and metastatic lesions by immunohistochemistry but was exclusively cytoplasmic (59). Both FTL and FTH1 stained strongly in head and neck cancer tissues compared to normal and higher expression was observed with metastasis, however further analyses of public data found FTL had no prognostic significance but high FTH1 mRNA predicted poor survival (57). Ovarian cancer samples had elevated FTL and FTH1 detected in the cytoplasm and nucleus compared to benign tissue and increased with tumor grade (60). Interestingly, in triple negative breast cancer samples high cytoplasmic and total FTH1 was correlated with favorable prognosis, whereas high nuclear expression was a poor prognostic factor (118). In breast cancer cell lines expression of FTH1 and FTL mRNA and protein were low in cells with an epithelial phenotype and high in cells with a more aggressive mesenchymal phenotype (56). Immunofluorescence and immunoblotting of subcellular protein fractions confirmed the accumulation of chromatin-bound nuclear FTH1 in mesenchymal MDA-MB-231 cells and a decrease in intracellular iron (56). It was suggested nuclear FTH1 was protective of the DNA from free iron-induced toxicity and promoted a more aggressive phenotype.

The multi-functional role of ferritin becomes increasingly evident by modifying its expression. In two separate studies downregulation of FTL with an antisense construct (59) and FTH1 with shRNA (119) in melanoma cells inhibited proliferation and invasion in vitro and tumor growth in vivo (59). In melanoma cells FTL is necessary to resist oxidative stress-induced apoptosis (59). Similarly, mesothelioma cells overexpress FTH1 to protect against asbestos-induced ROS and its knockdown rendered them more sensitive to apoptosis (120). In contrast, transient overexpression of FTH1 in non-small cell lung carcinoma cells triggered apoptosis (121). A cancer stem cell model of GBM showed downregulation of both subunits inhibited growth of gliomaspheres and prevented tumor formation in mice (58). FTH1 has been linked to drug resistance in breast (56) and ovarian (122) cancer wherein downregulation of FTH1 increased chemosensitivity. Additionally, FTL and FTH1 bind the anti-angiogenic molecule high molecular weight kininogen (HKa), preventing its dimerization, necessary for its functional activity and consequently, promoting endothelial cell survival, migration, adhesion, and angiogenesis to support tumor growth (123, 124). In summary, ferritin subunit expression and localization determine its role in cancer biology and must be tightly controlled.

When levels exceed ferritin storage capacity, iron may be stored in the form of hemosiderin, a complex of ferritin aggregates, denatured proteins and lipids. Hemosiderin deposits are most commonly observed in macrophages, particularly in the liver and spleen, sites that are important for maintaining iron homeostasis and following hemorrhage, suggesting that its formation may be related to the breakdown of red blood cells and hemoglobin (125). These deposits can be stained by Prussian blue iron (III) and visualized by light microscopy (126). When placed in an external magnetic field hemosiderin, like ferritin displays superparamagnetism. This is particularly useful for imaging using MRI as the iron deposits cause high T2* contrast. Deposits of TAMs-laden with hemosiderin can be mapped using MRI and quantification of the frequency and size can be used as a non-invasive marker of disease stage, imaging of metastases and to assess the success of iron-based therapy (125, 126).



Iron Utilization

Iron is utilized in the synthesis of Fe-S and heme and as an enzyme co-factor. Because Fe-S proteins act as a source of iron, there is a complex system that ensures Fe-S clusters are assembled correctly, trafficked to specific apoproteins, and remain protected during these processes. Drugs that interfere with Fe-S metabolism and destabilize the cluster can be effective at inhibiting the growth of cancers (8). Such an example is β-phenethyl isothiocyanate, an inhibitor of leukemia cell growth, in part by producing ROS which degrade the Fe-S center of NADH dehydrogenase 3 from respiratory complex I and subsequently suppresses mitochondrial respiration (8). Cyclooxygenase-2 (COX-2) is a heme-containing enzyme that is usually undetected in healthy tissues, but its expression is induced during inflammation and is highly expressed in some cancers and accordingly, COX-2 selective inhibitors have elucidated its role in cell growth and survival, angiogenesis, cell invasion and inflammation (127). These are merely two examples of proteins that utilize iron, but many more exist whose disarray can contribute to cancer and represent potential therapeutic targets.



Iron Export

Being the sole exporter of intracellular iron, intuitively reduced ferroportin in cancer cells promotes iron accumulation. Ferroportin expression is lower in prostate and breast cancer cells compared to normal epithelial cells (71, 72). Prostate cancer tissues had decreased ferroportin reactivity with increasing histological grade (71). Ferroportin was markedly reduced in breast cancer tissue compared to normal and associated with reduced progression-free patient survival (72). Furthermore, overexpression of ferroportin reduced human and mouse mammary tumor growth and metastasis (73, 99). In vitro, 4T1 mouse mammary cells with inducible ferroportin expression had reduced colony forming ability, underwent cell cycle arrest and apoptosis (73). In pancreatic cancer samples high hepcidin expression and lower ferroportin staining were associated significantly shorter overall survival (74). As reduced ferroportin is seemingly a consequence of increased hepcidin-induced receptor degradation, the hepcidin-ferroportin axis represents an attractive target to inhibit tumor growth and metastasis.



Iron Regulatory Proteins

Cellular iron homeostasis is predominantly controlled by the IRE-IRP system, accordingly, altered expression of IRPs is associated with cancer. IRP1 and IRP2 have distinct phenotypes. For example, both IRP1 and IRP2 are overexpressed in breast cancer, but only knockdown of IRP2 decreased the LIP and inhibited mammary tumor growth in mice (76). In human lung cancer cells with inducible IRP1 overexpression there was no impact on proliferation in vitro, but when implanted in vivo had suppressed tumor growth (128). In hepatocellular carcinoma (HCC), IRP1 expression was lower in tumor than normal adjacent tissues, correlated the tumor stage and predicted overall and recurrence-free survival (78). In prostate cancer cells IRP2 was consistently overexpressed and knockdown inhibited growth in vitro and in vivo, while IRP1 was detected in some cell lines and knockdown only modestly reduced proliferation in vitro (77). IRP2 was overexpressed in colon cancer tissues compared to normal and interestingly, correlated with BRAF mutations and it was confirmed in vitro that IRP2 overexpression was driven by hyperactivation of the MAPK pathway (79). Therefore, the expression and roles of IRPs in cancer differ by tumor type.




THE ROLE OF IRON IN METASTASIS

Several Fenton reaction-based carcinogenesis and metastasis models have elucidated the role that iron plays in cancer progression. Generation of ROS through Fenton reactions can promote cancer stem cell-aggressiveness, cell migration, and angiogenesis. Welch and Hurst recently described that in addition to the hallmarks of cancer in general, such as genetic instability, sustained proliferation, resistance to programmed cell death, evasion of immune killing etc., there are also several features that are required for cancer dissemination (3). These have been termed the hallmarks of metastasis and include motility and invasion, ability to modulate the secondary site or local microenvironments, plasticity, and ability to colonize secondary tissues (3). Iron has been linked to the hallmarks of metastasis and the following sections highlight the potential of exploiting iron metabolism to treat or prevent metastasis.


Evolution of Tumor Cells Toward a Metastatic Phenotype

For tumors to grow the cells must survive and proliferate despite the fail-safe mechanisms that should prevent them. Cancer cells must be highly adaptable to somewhat hostile microenvironments (hypoxic, low nutrient availability, acidic extracellular space, etc.). These harsh conditions coupled with genetic instability give rise to tumor heterogeneity. Tumor heterogeneity is illustrated by studies of single-cell clones originating from a single tumor which display diverse phenotypes including differences in metastatic potential (3). Iron-induced oxidative stress modifies the genome, epigenome, and proteome, giving rise to tumor heterogeneity and evolving metastatic potential. In a rodent model, rats were repeatedly administered ferric nitrilotriacetate which induced widespread genomic alterations that led to the development of tumors (129). Iron treatment of colonocytes caused widespread hypomethylation, especially to oncogenes belonging to Akt, MAPK, and EGFR pathways and subsequently their expression increased (130). Iron overload as a result of hemochromatosis, causes aberrant hypermethylation of genes characteristic of HCC, suggesting iron-induced epigenetic modification could be an early event in malignant transformation (131). Treatment of breast cancer cells with the iron chelator desferrioxamine (DFO) caused significant global epigenetic alterations and decreased expression of several histone demethylases (132). Although DNA methylation is aberrant during different stages of disease progression specific iron-induced pro-metastatic changes remain to be clearly defined.



Motility and Invasion

Cell migration is the movement of cells to a different position within tissue in response to attractive or repulsive stimuli. Cells can become motile without directionality by autocrine secretion of motility factors or are directed by following a gradient of factors via chemotaxis. The types of cell movement (mesenchymal, amoeboid, or collective) are influenced by extracellular cues but can switch between modes to adapt to the local microenvironment. Increases in the intracellular LIP stimulate migration and invasion of cancer cells. Kim et al. found that the activity of heme-oxygenase 1 (HO-1), a known metastasis promoter, increased intracellular iron levels inducing migration and invasion of breast cancer cells (133). Similarly, prostate cancer cells with higher iron levels as a consequence of hepcidin-induced ferroportin degradation had higher migratory capacity compared with knockdown of hepcidin (134). Furthermore, iron loading of lung cancer cells with ferrous sulfate (FeSO4) induced migration and invasion in vitro (135). Iron contributes through activating pro-migratory signaling pathways, remodeling the ECM and produces an environment conducive to metastatic spread.

Cell movement can be associated with morphological changes known as epithelial-mesenchymal transition (EMT), whereby cells lose their polarity and cell-cell adhesions and reorganize their cytoskeleton and shape. EMT arises from changes in gene expression with downregulation of epithelial markers (e-cadherin, occluding, and claudins) and upregulation of mesenchymal markers including transcription factors (Snail, Slug, ZEB, Twist) and factors required for motility and invasion (N-cadherin, vimentin, and fibronectin) (3). EMT can be induced by iron-loading or reversed by iron deprivation. For example, ferric chloride treatment caused colon cancer cells to transition to a mesenchymal phenotype, with decreased e-cadherin-mediated cell-cell junctions and increased invasiveness, whereas treatment with the iron chelator DFO restored e-cadherin localization, cells then became more compact and epithelial-like and had significantly reduced invasion (136). Treatment of esophageal cancer cells with the iron chelator deferasirox (DFX) inhibited migration and invasion of cells in transwell chemotaxis assays as well as reduced invasion of 3D tumor spheroids through suppressing N-cadherin (137). In contrast, Chanvorachote and Luanpitpong found that although iron induced a lung cancer stem cell phenotype this was not associated with EMT (138). Treatment of cancer cell lines with FeSO4 had little change in morphology and expression of epithelial and mesenchymal proteins even after 7 days extended treatment. Therefore, EMT was either not critical in iron-induced lung cancer stemness and/or it may depend on the model used.

Migration and invasion of cancer cells are controlled by signaling pathways. Cooperation of transforming growth factor β (TGF-β) and Wnt/β-catenin signaling pathways promotes EMT and is regulated by iron. Canonical Wnt signaling is mediated by β-catenin, which functions in the formation of the adherens junctions by complexing with e-cadherin linking it to the actin filaments of the cytoskeleton. β-catenin is usually maintained at low levels, but upon activation by Wnt ligands, it accumulates and translocates into the nucleus and cooperates with transcription factors including the TGF-β-induced SMAD complex and increases expression of mesenchymal factors (139). Several studies have shown that iron supplementation increases expression of TGF-β and its receptors triggering SMAD transcriptional activity, as well as stabilizing β-catenin supporting its accumulation and, hence, activating target gene expression (139–141). Alternatively, iron depletion reverses cells to an epithelial-like state, thereby reducing EMT-related migration, invasion and metastasis (142–146). Interestingly, Chen et al. reported the iron chelator Dp44mT suppressed colon cancer cell viability, migration, invasion, and reversed TGF-β-induced EMT through activation of Wnt/β-catenin as they observed increased target gene expression (147). In contrast, Li et al. showed that Dp44mT reduced migration and metastasis in vivo, but reduced β-catenin, c-myc, and cyclin D1 (148). Thus, crosstalk between TGF-β and Wnt/β-catenin signaling is well-established to promote EMT-induced migration and invasion, but downstream activity may depend on context.

Iron remodels the ECM to enable motility and invasion of cancer cells. Matrix metalloproteinases (MMPs) are the key proteolytic enzymes involved in the degradation of the ECM. LCN2 forms a complex with MMP-9 and its overexpression promotes EMT of breast cancer cells with enhanced migration and invasion in vitro and when implanted in mammary fat pads had increased local invasion and metastasis to lymph nodes (149). Ferric ammonium citrate (FAC) supplementation of head and neck cancer cells increased expression of MMP-9, a known promoter of tumor invasion, through activation of MAPK and Akt pathways (150). Although FAC passively passes through the cell membrane independently from the transferrin uptake pathway and further, the impact on migration and invasion was not investigated (150). Iron-induced hydroxyl radicals and lipid peroxides increased expression of MMP-1 and MMP-3 after UVB irradiation of dermal fibroblasts, which cleave/degrade interstitial collagens, proteoglycans and structural glycoproteins, while DFO treatment degraded these MMPs (151). Likewise, Dp44mT abrogates the induction of gelatinase activity (MMP-2) and inhibited liver tumor invasion (144). Therefore, several lines of evidence show that excess iron induces expression of MMPs which are required for degradation of the ECM and iron chelation may be a promising strategy to prevent invasion of cancer cells.



Modifying the Local Tumor Microenvironment

Behavior of resident and recruited cells within the tumor microenvironment is influenced by iron levels. In addition to remodeling the ECM, iron modulates the local tumor environment by recruiting new cells, suppressing the immune response, and altering the behavior of cells to complete the metastatic cascade. For tumors to progress they must grow, recruit or coopt blood vessels to provide oxygen and nutrients. Under hypoxic conditions, culture of breast cancer cells with low-iron containing media promoted proangiogenic signaling via vascular endothelial growth factor (VEGF) and treatment of capillary endothelial cells with the conditioned media stimulated their elongation and extension toward a vascular morphology (152). Treatment of endothelial cells with FAC inhibited autocrine VEGF signaling, cell proliferation, migration, tube formation and sprouting in culture and systemic administration repressed tumor angiogenesis in vivo (153). In contrast, treatment of rat brain endothelial cells with LCN2 increased intracellular labile iron, generating ROS and stimulated scratch migration and tube formation in Matrigel (154). Oxidative stress is a well-established promoter of angiogenesis (155). Therefore, too much or too little iron can induce migration of endothelial cells and encourage neo-vascularization.

Tumor infiltrating inflammatory cells are educated by tumor cells to adopt an iron-donor phenotype which promotes tumor growth and spread. For example, secretion of GM-CSF by tumor cells stimulates secretion of Tf by neutrophils and drives tumor growth and metastasis (156). In the early stages of tumorigenesis pro-inflammatory cytokines prompt M1-like macrophages to sequester iron and produce ROS as an anti-tumor defense mechanism, but chronic inflammation and immune tolerance can lead to M2-like TAMs releasing iron to support tumor progression (157). Interestingly, iron chelation can shift TAMs from the iron-donor to iron sequestration phenotype (158). M2-like macrophages express high levels of ferroportin, however, its knockdown in cultured macrophages did not inhibit the release of iron into the supernatant, nor did it inhibit the proliferation-stimulating effect of the supernatants on breast cancer cells (159). In fact, it was demonstrated that tumor cells undergoing apoptosis release sphingosine 1-phosphate (S1P) which stimulates the secretion of holo-LCN2 by macrophages (159, 160). Holo-LCN2 accelerated proliferation and migration of lymphatic endothelial cells in 2D culture and promoted lymph vessel sprouting in 3D models (160). In animal studies, macrophage-derived LCN2 stimulated lymphangiogenesis and promoted metastasis of breast tumors (160). Interestingly, high intracellular iron and FTH1 suppressed cell surface expression of major histocompatibility complex (MHC) class 1 on tumor cells and macrophages and consequently, iron depletion rendered tumor cells highly susceptible to death by natural killer (NK) cells (161). In accordance, decreasing iron in the tumor microenvironment increased the destruction of breast cancer cells by NK cells (162). Therefore, recruited cells acquire an iron-release phenotype to support the growth, migration, neo-vascularization and immune evasion.

Iron has immunosuppressive effects on the adaptive immune system. For instance, patients with hemochromatosis have altered CD4+ and CD8+ T cell proportions and decreased cytotoxic T lymphocytes, rendering them susceptible to infections, impaired cancer immune surveillance and autoimmune conditions (163). Iron also directly modulates T cell surface molecules including CD4 and CD2 (164). Excess intracellular iron initially stimulates the proliferation of T and B lymphocytes, but ultimately leads to cell death from oxidative stress (165). T cells rapidly expand during an immune response and their proliferation is dependent on iron availability. Therefore, upregulation of TfR1 on the surface of T cells is a very early event in immune activation (157). Furthermore, conditional knockout studies of FTH1 in bone marrow of mice revealed impaired maturation of B and T subsets and found that proliferation of these cells was dependent on intracellular storage of iron in ferritin (165). Interestingly, FTH1 released by tumor cells has immunosuppressive effects of lymphocytes. It appears that FTH1 mediates its effects by upregulating the expression of CD86 and B7-H1 on dendritic cells, which in turn interact with CTLA4 and PD-1 on T cells, respectively, and induce the secretion of interleukin 10 (IL-10) and interferon γ (IFN-γ) to inhibit antigen-specific immune responses against tumors (166). Tumor cell-derived LCN2 cooperates with C-C Motif Chemokine Ligand 2 (CCL2) to suppress immune cells by decreasing the costimulatory molecule HLA-DR and increasing expression of immunosuppressive programmed death ligand 1 (PD-L1) on CD11c+ regulatory dendritic cells, which is followed by induction of CD4+/FOXP3+ regulatory T cells and tumor escape (167). Hence, iron is essential for immune cell survival but in excess leads to defects in tumor recognition by immune cells and immune tolerance.

Cancer-associated fibroblasts (CAFs) represent the majority of non-cancer cells within the stroma of solid tumors and are derived from resident fibroblasts or through differentiation of other precursor cells. CAFs acquire a constitutively activated state (myofibroblast-like), whereby metabolic and phenotypic changes allow CAFs to supply nutrients and metabolites, creating a fertile microenvironment to support tumor growth and metastasis. ROS are key regulators in TGF-β-mediated fibroblast-to-myofibroblast transition which release cytokines, growth factors and ECM remodeling factors and increases tumor invasiveness (168). Targeting Wnt/β-catenin can also impair TGF-β-induced myofibroblast transition, again linking these two signaling pathways and their role in promoting metastasis through modulating the tumor microenvironment (169). High levels of hepcidin are often observed in tumors to maintain an iron-utilization phenotype within tumor cells. CAFs can induce hepcidin in tumor cells through interleukin 6 (IL-6) secretion and stimulation of signal transducer and activator of transcription 3 (STAT3) signaling (170), illustrating one of the mechanisms where iron metabolism underpins tumor-stroma crosstalk.



Metabolic Plasticity

Metabolic plasticity allows cancer cells to survive and metastasize through the ability to switch between different forms of energy production depending on substrate availability. Recently it has been shown that cells maintain the ability to switch between metabolic phenotypes very rapidly and use both OXPHOS and glycolysis mechanisms to overcome hostile environments in the body and even develop resistance to drugs (171). For example the initial accumulation of ROS drives cancer cells to switch from OXPHOS to glycolysis, but chronic ROS exposure rewires metabolism toward the pentose phosphate pathway with cells undergoing a stem-like phenotype that's more resistant to therapies (172). Lactate and pyruvate, the byproducts of glycolysis, regulate hypoxia-inducible factor 1α (HIF-1α) and Wnt signaling independently of oxygen availability, which in turn alters iron metabolism (34). Hypoxia activates HIF-1α and enhances tumor iron accumulation by upregulating expression of TfR1 and HO-1 which degrades heme to release iron, and ceruloplasmin which oxidizes iron to facilitate Tf iron loading (34). Iron deficiency also mimics hypoxia, causing stabilization of HIF-1α and promoting EMT, cell migration and invasion. Interestingly, in normoxic conditions DFO-induced iron deficiency was reported to promote EMT in colon cancer cells, and increase migration and invasion in contrast to other reports (173). Although, recently it was found that DFO induces mitochondrial iron accumulation which generates ROS and, therefore, enhanced migration/invasion was driven by mitochondrial ROS (100). Consistent with this finding, only particular types of ROS induce cancer cell migration, where FeSO4-generated ·OH promoted lung cancer cell migration, but treatment with [image: image] or H2O2 inhibited it (135). Therefore, metabolic switching may be responsible for altering tumor iron metabolism and promoting metastasis.



Colonization of Secondary Sites

Before cells break away from the primary tumor mass, they communicate with the environment in distant organs to establish a pre-metastatic niche. This phenomenon was recognized because particular types of tumors favor dissemination to certain organs, but not others and this is directed partly through factors secreted from the primary tumor (174). These soluble factors are sometimes found in extracellular vesicles called exosomes (175). Exosomes also serve as carriers of other cellular material including DNA, lipids, proteins, mRNAs, and non-coding RNAs (176). Exosomes isolated from metastatic rat adenocarcinoma BSp73ASML cells contained ferritin light and heavy polypeptide mRNA and these exosomes modulated the pre-metastatic niche to support colonization of the poorly metastatic cells in lymph nodes and lungs of rats (177). Although, this study relied on animal models and didn't validate ferritin protein expression as a carrier of iron in the exosomes. However, in further support of this finding, ferritin (FTH1 and FTL) has been detected in exosomes isolated from bladder, ovarian, nasopharyngeal, and prostate and hepatocellular carcinomas in humans (www.exocarta.org). Therefore, ferritin contained within exosomes could act as a carrier of iron to create a favorable “soil” for cancer cells to “seed.”

Once tumor cells disseminate, they may start to proliferate and form a secondary mass or lie dormant for months or even years. Dormant tumor cells are largely refractory to targeted or conventional therapies and to date, our knowledge of the biology underlying tumor dormancy is limited. Temporary cell cycle arrest, coordination of quiescence and autophagy, a dormancy-permissive microenvironment, immunosuppression and epigenetic factors have been linked to tumor cell dormancy (178). Poor nutrient and oxygen availability within the microenvironment cause cancer cells to secrete factors that inhibit the Akt pathway, resulting in slowly proliferating, quiescent cells and induction of pro-survival autophagy (178). Interestingly, iron chelating agents such ciclopirox olamine (CPX) and VLX600, have been shown to inhibit growth of both proliferating and quiescent cancer cells (179). Through chelation of iron, activity of the iron-dependent enzymes that form part of the electron transport chain become impaired resulting in mitochondrial dysfunction (180). In order to meet energy demands, HIF-1α becomes stabilized and activates glycolysis. In some cells pro-survival autophagy is induced to uptake glucose and other nutrients to fuel energy production. However, for parts of the tumor with poor vascularization, and hence, poor access to extracellular nutrients bioenergetic demands cannot be met triggering cell death (180). It is the lack of metabolic plasticity of tumor cells within poorly vascularized regions of the tumor microenvironment that allows iron chelating agents to inhibit quiescent cells and present attractive therapeutic opportunities for metastatic disease, especially in combination with other chemotherapeutic agents.




IRON MODULATION AS A CANCER THERAPY

Several iron modulators, which were initially developed for other conditions, are being repurposed to treat cancers. Iron chelators are summarized in Table 2 along with their mechanism of action and clinical testing status in the context of cancer.


Table 2. Iron chelating agents under clinical development for treatment of cancers.
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Iron Chelation

Therapeutic iron chelating agents were initially developed to treat iron overload. For many years DFO was the standard iron overload treatment and was later found to have anti-cancer activity. Studies of DFO using leukemia and neuroblastoma cell cultures showed promising results eventually leading to clinical testing of patients with these cancers. Although most patients showed partial or complete responses, its short half-life and poor solubility required patients to undergo long periods of subcutaneous infusion, with frequent pain and swelling at the site of injection and oral alternatives were pursued. Deferasirox (Exjade, Jadenu, DFX) is an oral iron chelator implemented for iron overload and is currently being trialed for hematological malignancies. DFX was effective against leukemia cells in preclinical studies and because leukemia patients receive repeated blood transfusions, DFX offers a dual benefit as an anti-cancer agent and treatment for iron overload complications. Additionally, DFO and DFX are effective in preclinical studies of pancreatic (193), breast (194), liver (183), gastric (195), and esophageal (196) cancers, and because they are well-characterized they are often used as positive controls for the study of other iron modulators. Despite promising preclinical results, a pilot study of DFX in advanced hepatocellular carcinoma patients found dose-limiting toxicities and the majority (4/5) of the patient tumors progressed while on treatment, therefore the efficacy of DFX for the treatment of solid tumors remains questionable (183).

Deferiprone (DFP) is an oral metal chelator approved for the treatment of β-thalassemia and has been investigated in preclinical cancer studies. Investigation into the pharmacotoxicity profile revealed that in addition to chelating iron, thereby reducing the LIP, the compound also had redox activity which resulted in the production of intracellular ROS (197). In breast cancer cell lines, it was demonstrated that due to its small flat aromatic structure, DFP gains access to and chelates the Fe2+ ion at the active sites of iron-dependent histone lysine demethylases (198). These enzymes control gene transcription by modifying the epigenome, silencing tumor suppressors and activating transcription of oncogenes and promote the growth of cancers. DFP was effective at reducing prostate cancer growth in Myc-CaP and TRAMP-C2 orthotopic mouse models, although the efficacy was dependent on initial tumor iron levels which accumulated from infiltrating hemosiderin-laden macrophages, thus highlighting the dependency on iron for DFP activity (125).

Ciclopirox olamine (CPX) is a fungicide that has additional anti-microbial, anti-inflammatory and anti-cancer activity. Its anti-tumor activity is mediated through iron chelation and subsequent inhibition of iron-dependent enzymes such ribonucleotide reductase, reduced signaling through the EGFR/P-Akt, DOHH/eIF5A, and Wnt/β-catenin pathways, and modulating cell cycle regulators (199). Recently, CPX was shown to downregulate DJ-1, an oncogene that functions as an endogenous antioxidant, resulting in the accumulation of ROS, impairing mitochondrial function and inducing apoptosis of CRC cells (200). CPX inhibited growth of several cancer cell lines (including rhabdomyosarcoma, head and neck, lung, breast, and CRC) more overtly than normal non-transformed cells, such as primary dermal fibroblasts, peripheral blood mononuclear cells, lymphocytes, and mucosal epithelial cells (200–203). Oral CPX treatment inhibited growth of leukemia (203), breast (204), neuroblastoma (202), pancreatic (201), and CRC (200) tumors in the mice. Continual administration of CPX with a subcutaneously implanted pump prevented metastasis of neuroblastoma tumors in mice (202). CPX was evaluated in a phase I trial of hematological malignancies and was well-tolerated with some clinical effect seen in two thirds of patients (181). However, efforts to further progress CPX were abandoned because of the poor solubility of the drug, its rapid metabolism into an inactive glucuronide and quick clearance from the body. A phosphoryloxymethyl ester-based prodrug of ciclopirox (CPX-POM) has since been developed which has improved hydrophilicity and protects the site of glucuronidation to improve bioavailability. CPX-POM has demonstrated efficacy in preclinical models of bladder cancer (205) and a phase I trial (NCT03348514) has been initiated for patients with advanced solid tumors.

Tachpyridine is a synthetic metal chelator that binds iron, zinc, and copper. Tachpyridine inhibits the growth of multiple cancer cell types, induces apoptosis and selectively sensitizes cancer cells to ionizing radiation (206, 207). A screen of 55 cancer cell lines from the National Cancer Institute (NCI) panel had a mean GI50 of 5.7 μM (207). Tachpyridine induced cell cycle arrest in G2 phase in HeLa and CRC cells, whilst an analog missing iron binding ability could not, suggesting therapeutic activity was iron-dependent (206). This was further supported by a study of bladder cancer cells treated with tachypyridine derivatives that were able to bind zinc and copper, but not iron and lost cytotoxicity compared to the parental compound (208). Further investigation revealed long term exposure of cultured bladder cancer cells depletes iron but also induces oxidative stress through redox cycling of the tachpyridine–iron complex (209). Tachpyridine induced apoptosis of breast cancer cells, but pre-treatment with iron or zinc abrogated this effect (210). To date, tachpyridine is yet to be tested for efficacy in cancer models in vivo.

Thiosemicarbazones were among the first metal chelators to be evaluated specifically for their anti-cancer potential. Screening of various thiosemicarbazone derivatives has prioritized compounds that are resistant to glucuronidation and rapid elimination, the most successful thus far is triapine. Several studies have attributed its mechanism-of-action to potent inhibition of RNR and, hence, reduced DNA replication and repair (211). It has broad-spectrum anti-cancer activity having been tested against in mouse models of leukemia, lung and ovarian cancers (211). Interestingly, triapine crosses the blood-brain barrier and effectively killed leukemia cells implanted in the cerebellums of mice (211), indicating it would be an effective treatment for disseminated disease. To date, triapine has undergone 28 phase I and II clinical cancer trials and is currently in a phase III trial (NCT02466971) for cervical cancer in combination with cisplatin and radiotherapy with expected completion 2023. Published results report high doses of the drug caused dose-limiting toxicities, so combination therapies that involve administration of lower individual drug doses is preferable. Results of a phase II study in female reproductive cancers found addition of triapine to the cisplatin and radiotherapy regimen resulted in a 92% complete response rate, compared to 69% without, and increased the 3-years progression free survival from 77 to 92% (212). Importantly, elevated methemoglobin levels in red blood cells, a concern seen in other trials with high dose triapine, was not observed in this cohort, suggesting a tolerable and effective dose has been identified which could pave the way for treatment of other cancers (212).

Further analog development using thiosemicarbazones as a structural basis has resulted in various series of compounds with several outstanding in terms of iron-binding affinity and anti-proliferative activity. The NT series was a group of compounds based on the parental ligand 2-hydroxy-1-naphthylaldehyde thiosemicarbazone (NT). These were screened in neuroepithelioma cells with three standout compounds NT, N4mT, N44mT, which showed anti-proliferative activity in additional cancer cell lines, but to a lesser extent in normal cells, such as fibroblasts or macrophages (213). Based on the success of triapine the DpT series was developed, of which Dp44mT showed high iron chelation and anti-proliferative activity. However, its toxicity profile has somewhat mired its clinical progression. Dp44mt caused cardiotoxicity and weight loss in mice so efforts to progress to the clinic were halted (214). Following the DpT series was the evaluation of aromatic substituents, namely 2-benzoylpyridine thiosemicarbazone (BpT) series, which demonstrated enhanced growth inhibition and redox-cycling activity (215). Bp44mT was also effective for inhibiting growth of lung cancer xenografts with no noticeable cardiotoxicity (216). To date though DpC, an analog of Dp44mt is the most potent and well-tolerated compound showing efficacy both in vitro and in vivo in models of pancreatic (217), neuroblastoma (218), and lung (214) cancers. DpC has undergone phase I clinical testing for advanced solid tumors, the results of which will be greatly anticipated.

A screen for drugs that preferentially target quiescent cells in colon cancer spheroids identified VLX600 as an ideal candidate. Although the precise mechanism of action was unknown at the time, analysis using the Connectivity Map database determined iron chelators CPX and DFO produced similar gene expression profiles, suggesting iron chelation was the mode of action for VLX600 (179). Indeed, compound modeling and subsequent cell culture studies with/without iron supplementation confirmed the cytotoxicity of VLX600 was attributable to iron chelation. In contrast to other iron chelators, such as the thiosemicarbazones, VLX600 does not induce ROS (180). Instead, through inhibition of iron-dependent complexes (I, II and IV) of the electron transport chain VLX600 impairs mitochondrial OXPHOS limiting the metabolic plasticity of tumor cells (180). VLX600 showed efficacy in in vitro and in vivo models of CRC at very low concentrations (0.5–16 mg/kg) with minimal toxicity observed (180). A phase I study was initiated to evaluate VLX600 in patients with advanced solid tumors, however due to slow recruitment the trial was terminated early. In total 19 patients were enrolled, all received at least one dose of VLX600 and the drug was well-tolerated at all doses (192). The study was underpowered so no efficacy endpoints were met, and the maximum tolerated dose and recommended phase II dose could not be determined. Thus, although initial safety and tolerability profiles suggest VLX600 warrants further clinical investigation it remains to be seen whether this is pursued.

Remarkably, some natural compounds with anti-cancer properties were found to act through iron chelation. For instance, epigallocatechin-3-gallate (EGCG) extract, the major green tea polyphenol has potent anti-proliferative effects in colon cancer cells attributed to its antioxidant and free iron scavenging activity (219). However, ingestion of green tea or ECGC extract does not produce clinically relevant cytotoxic levels of EGCG in plasma, so nanodelivery systems are being explored as a means of increasing stability and bioavailability (220). Silybin, derived from the milk thistle plant (Silybum marianum), acts as an antioxidant through iron chelation and shows additional anti-inflammatory activity through suppression of NF-κB, induces apoptosis and cell cycle arrest and inhibits angiogenesis and metastasis (221). Curcumin, derived from the plant Curcuma longa, has long been used in traditional medicine, but has also shown efficacy against colon, duodenal, stomach, esophageal, and oral cancers (222). In fact, several clinical trials have been initiated or are ongoing evaluating safety and efficacy of curcumin as an adjuvant therapy for various cancers (www.clinicaltrials.gov). However, it is only in the last decade that the therapeutic effects of curcumin were discovered to be related to iron chelation (222). The therapeutic potential of natural compounds as chemotherapeutics and for chemoprevention have been recognized and it is interesting that iron chelation has been identified as a major mechanism of action.



Targeting Iron Metabolism and Regulatory Mechanisms

Elevated TfR1 and its internalization mechanism, positions the receptor as a desirable therapeutic target and drug-delivery strategy. A number of strategies have been developed for targeting the TfR1 including its natural ligand Tf, targeting peptides, monocolonal antibodies, and antibody fragments (scFv) (223). These may directly antagonize the receptor (e.g., anti-TfR1 antibodies) to induce cytotoxicity or a non-neutralizing method can be utilized for receptor-mediated internalization of drugs. Many clinical trials have been conducted with anti-TfR1 antibodies and show some evidence of anti-tumor efficacy, but immunogenicity remains a major concern (224). scFv fragments and peptides interact specifically with the extracellular domain independently of Tf-Fe binding and their small size offers better solid tumor penetration (225, 226). TfR1 targeting molecules may be directly conjugated to therapeutic cargo or nanoparticles encapsulating therapeutic agents. For instance, transferrin conjugated to doxorubicin had enhanced cytotoxicity in drug-resistant leukemia cells compared to free drug, but did not accumulate normal human fibroblasts indicating improved tumor specificity (227). MBP-426 is a liposomal carrier conjugated to Tf in a phase II clinical trial as a delivery agent for oxaliplatin to treat gastric and esophageal adenocarcinomas (NCT00964080). A phase II trial is evaluating SGT-53, a cationic liposome with TfR1-scFv encapsulating a wild type p53 sequence that will be used in combination with gemcitabine and paclitaxel (NCT02340117). Similarly, SGT-94 uses the same targeted system to deliver a modified form of the retinoblastoma tumor suppressor gene, RB94, and has recently completed phase I assessment (NCT01517464). Another fascinating drug delivery mechanism involves a pro-drug strategy via trioxolane conjugation that reacts with ferrous iron in the tumor microenvironment to activate drug release (228). It is hoped that these delivery strategies will circumvent systemic toxicity and preliminary results seem promising.

miRNA expression is often altered in cancers and miRNA replacement or antagonization represent potential therapeutic strategies. TfR1 expression is highly elevated in HCC and shows an inverse correlation with miR-148a and miR-152 expression and their ectopic overexpression suppressed growth of HCC cells (229, 230). miR-7-5p is a potent tumor suppressor of HCC growth including in models of sorafenib resistance (231). miR-7-5p expression was reduced in pancreatic adenocarcinoma samples and loss of miR-7-5p was proposed to permit TfR1-driven cell proliferation and metabolism (232). Interestingly, miR-7-5p and miR-141-3p were found to target IREs within 3′-UTR of TfR1, thereby reducing its mRNA and protein expression by competing with the IRE-IRP system (232). Although, this finding was later disputed by another research group and requires further clarification (233). One explanation could be that alternative splicing gives rise to isoforms lacking IRE sequences that are subject to different control mechanisms. For example, DMT1 encodes four splice variant transcripts including one lacking an IRE sequence (DMT1B-nonIRE) of which, let-7d was confirmed to specifically target and consequently reduced its expression in erythroleukemia cells (234). Elevated nuclear FTH1 in breast cancer cells, as a result of reduced miR-200b was proposed to protect DNA against oxidative damage, therefore, miR-200b replacement sensitized the cells to the DNA-damaging agent doxorubicin (56). Ferroportin expression is reduced in lung cancer patients, was negatively correlated with miR-20a level and was confirmed as a target using cell lines in vitro (235). miR-485-3p expression is elevated during iron deprivation and it targets ferroportin to reduce iron export, suggesting an antagomiR could suppress iron accumulation (236). As our knowledge of miRNAs that regulate iron homeostasis expands more therapeutic targets may emerge and will be further realized by the clinical development of RNA-based therapeutics.



Ferroptosis

Ferroptosis was recently identified in 2012, as an iron-dependent form of regulated cell death with characteristics different to other forms of cell death. Activation of ferroptosis is dependent on the intersection of amino acid, lipid and iron metabolism (2). The defining features of ferroptosis are the presence of oxidizable phospholipids acylated with polyunsaturated fatty acids (PUFA-PLs), redox-active iron and defective or inhibited lipid peroxide repair mechanisms (2). Ferroptosis was identified from screens that detected small molecule inhibitors which were lethal to cultured tumor cells, but the mechanisms were distinct from known programmed death pathways (237). Later was discovered that CD8+ T cells activate tumor ferroptosis during treatment with anti-CTLA4 and anti-PD-L1 immunotherapies (238). Furthermore, both immunotherapy and radiotherapy independently initiate ferroptosis, yet when combined act synergistically sensitizing tumors and improving tumor control (239). The mechanism was attributed to the release of IFNγ from CD8+ T cells which impaired tumor cell uptake of cysteine by system Xc− and resulted in iron-dependent lipid peroxidation and ferroptosis.

Ferroptosis inducers (FINs) are classified into four classes, class I which inhibit system Xc−, class II which directly inhibit glutathione peroxidase 4 (GPX4), class III indirectly inhibit GPX4, and class IV increases iron levels. GPX4 is an enzyme that reduces lipid peroxides, however when GPX4 activity is impaired, free iron catalyzes lipid peroxides to form toxic lipid ROS. For a detailed description of class I-III FINS refer to Yang et al. (240), Dixon and Stockwell (2), and Lu et al. (237). Although, it is classed as type II, withaferin A, a natural ferroptosis-inducing agent, increases the intracellular iron pool and inhibited growth of neuroblastoma xenografts (241). Likewise, artesunate, an anti-malarial, interacts with lysosomal iron and generates ROS leading to ferroptosis. Phase I trials of artesunate in various malignancies showed improved recurrence-free survival (242, 243) and repurposing efforts continue to progress in the clinical pipeline. The only known class IV FIN is ferroptosis inducer endoperoxide (FINO2) which causes ferrous iron oxidation, however, the half-maximal effective concentration (EC50) for a renal cancer cell line and two immortalized fibroblast cell lines was 20 μM and it has not been investigated in vivo so its utility may be limited.

Iron levels determine the sensitivity of cells to ferroptosis. The expression of iron regulatory genes (e.g., TfR1, Tf, ferritin, and ferroportin) determine the sensitivity of cells to ferroptosis and this is positively correlated with intracellular iron levels (244, 245). Lysosomes are iron rich and accordingly, treatment of breast cancer cells with the lysosome disruptor siramesine increased intracellular iron and ROS, thereby triggering ferroptosis (245). Furthermore, extracellular iron (from high-iron diets or iron treatments) sensitize cells to ferroptosis (246). In serendipitous fashion iron-based nanoparticles which were developed for other purposes also show anti-cancer potential. For instance, iron saturated ferritin nanoparticles loaded with doxorubicin induced ferroptotic death in cultures of leukemia, CRC, breast, liver, cervical, and lung cancer cells which overexpress TfR1 (247). Furthermore, iron-based nanoparticles which are already approved to treat iron deficiency, are used for imaging tumors and in preclinical studies as drug delivery carriers also show therapeutic benefit. Ferumoxytol, a commercially available formulation of iron oxide nanoparticles, show anti-cancer activity against mammary tumors and prevent lung and liver metastases in mouse models (248). Interestingly, the iron acts as a chemoattractant for macrophages which release hydrogen peroxides into the tumor microenvironment which react with the iron and inhibit growth and spread of the tumor (248). Therefore, iron nanoparticles present a major opportunity for cancer therapy and diagnosis.



Combination Therapies

Understanding the biology that underlies therapeutic resistance has identified opportunities for iron modulators to exploit these mechanisms and enhance tumor responses. For example, one of the known causes of multidrug resistance is efflux of chemotherapeutics from the cancer cells by upregulating expression of drug-transporters, such as P-glycoprotein (Pgp). Pgp-mediated drug resistance occurs by its rapid internalization, redistribution and increased expression through HIF-1α activity; this facilitates accumulation of the drug in lysosomes, creating a “drug safe house” away from its therapeutic target, and then eventual efflux from the cancer cell (249). Dp44mT and DpC overcome resistance to doxorubicin and vinblastine (250, 251) by utilizing lysosomal Pgp transport, where the compounds complex with lysosomal iron, generate ROS which disrupt the lysosomal membrane and induces apoptosis (252, 253). When Dp44mT was combined with paclitaxel, 5-fluorouracil, doxorubicin, tamoxifen, and 4-hydroperoxycyclophosphamide in vitro the drugs synergistically enhanced cytotoxicity of breast cancer cells (254). Given the positive proof-of-concept results with Dp44mT, if the results of the DpC clinical trial are encouraging the next logical step would be to assess it in combination with existing cancer treatments.

Other iron chelators are being evaluated in combination with a common chemotherapeutic cisplatin Triapine is being assessed in several clinical trials in combination with cisplatin (www.clinicaltrials.gov). Results published to date indicate that the drug combinations are safe and may improve progression-free survival (212). Triapine was reported to enhance the response to cisplatin by disrupting homologous recombination repair following cisplatin-induced DNA damage (255). Given this unique mechanism sequential combination of triapine and cisplatin therapy is necessary to achieve synergism, indicating the schedule for administering the drugs is important for efficacy (255). However, some controversy exists around the mechanism of cisplatin and its role in iron metabolism. Guo et al. suggested that cisplatin induces ferroptosis through depleting glutathione (GSH) and inactivating glutathione peroxidases (256). Their rationale was that treatment with the ferroptosis inhibitor ferrostatin-1, DFO, or IRP2 knockdown, partially reversed cisplatin-induced toxicity and visually, mitochondrial changes were observed consistent with ferroptosis. But the results are not overly convincing with very mild changes evident when cisplatin-induced toxicity was “reversed.” Another study reports that cisplatin depletes cancer cells of iron by directly binding to IRP2, inhibiting its binding to IREs and as a result increased ferritin and decreased TfR1 expression, thus lowering the LIP (257). Additionally, combination of cisplatin and DFO enhanced cytotoxicity through augmented iron depletion both in cell culture and xenografts of colon cancer cells in mice (257). Given the strength of evidence reported it seems likely cisplatin reduces intracellular iron rather than triggering iron-dependent cell death, but further research should provide some clarity.

In contrast to the plethora of studies investigating iron chelators with chemotherapies, there is limited evidence for whether they increase the efficacy of targeted and immune-based therapies. A reason proposed for why iron chelators haven't been successful for some solid tumors is because of HIF-1α stabilization and increased expression leading to increased proliferation, angiogenesis and metastasis. Therefore, a strategy to improve efficacy of iron chelation is dual treatment with a specific HIF-1α inhibitor. This was the approach taken by Lang et al. where they combined DFO and lificiguat (also named YC1) and observed synergistic reduction in cell viability of pancreatic cancer cell lines (258). They then used a liposome-based delivery system cross-linked with transferrin to codeliver DFO and YC1, targeting pancreatic tumors with expression of TfR1. The nanoparticles improved the circulation half-life compared to free DFO, facilitated uptake of the drugs by tumor cells and once released DFO and YC1 exerted a synergistic anti-tumor effect in both subcutaneous and orthotopic pancreatic cancer xenografts. This study highlights the power of combination therapy and using targeted delivery systems to improve bioavailability and biological activity. Despite the recent success of immunotherapy, particularly with respect to PD-1/PD-L1 checkpoint inhibitors, evidence for combined iron chelators and immunotherapies is lacking. Given the role of iron metabolism in the tumor microenvironment this area should emerge as a hot topic for further investigation.

Several FINs increase chemosensitivity. For example, erastin increases sensitivity to chemotherapies (e.g., temozolomide, cisplatin, cytarabine/ara-C, and doxorubicin/Adriamycin) in certain cancer cells (237). PRIMA-1, a non-genotoxic agent that targets mutant/deleted p53 and activates ferroptotic cell death, enhanced anti-tumor activity of dexamethasone and doxorubicin in multiple myeloma xenografts (259). GSH activity is important for detoxification of chemotherapeutics, and hence the GSH specific inhibitor buthionine sulfoximine (BSO) has subsequently been evaluated in clinical trials in combination with the chemotherapeutic melphalan in advanced malignancies (252, 253). BSO and combined therapy was well-tolerated and showed some biological activity, although it is not clear whether any clinical responses are due to ferroptosis induction or inhibiting drug detoxification (252, 253). These agents show proof-of-principle that ferroptosis determines chemosensitivity represent an attractive for new cancer drug discovery.




CONCLUDING REMARKS AND FUTURE DIRECTIONS

The field of tumor iron metabolism is complex and dynamic with new discoveries being made about how it is regulated, its involvement in cancer progression, advances in the development of iron-disruption therapeutics and methods of exploiting it for imaging and drug delivery. For many years cancer had been considered as a genetic disease. However, further investigation has revealed that cancers display abnormal metabolism with many features of a metabolic disorder. Altered iron metabolism is a feature observed in tumors which increase iron influx and reduce efflux from tumor cells to support their survival, rapid cell division and metastasis. However, it is still unclear whether dysregulated iron metabolism precedes transformation or is a consequence of it, acting as an adaptive mechanism for tumor progression. Unless iron-induced oncogenesis can be prevented, the order is irrelevant, and the treatment approach would be the same.

The dual role of iron in cancer has highlighted the potential of iron modulation as a strategy to treat advanced cancers, but the question remains whether it is best to inhibit iron utilization or to flood cells with iron and induce ferroptosis. Seemingly, there are limitations and toxicity concerns for each approach which may need to be overcome for iron modulation to be an efficacious treatment. There also remains controversy in the literature about the complications of iron supplementation during cancer treatments. Cancer patients often become anemic whilst undergoing chemotherapy, but there is the potential that iron supplementation could increase tumorigenicity and promote drug resistance. There is a fine line in ensuring iron homeostasis that will need to be taken into consideration in the management of cancer patient care. Particularly, because there is no “magic bullet” for treating metastatic disease and therapeutic resistance is common. Ultimately, patient care will require a multi-pronged approach and therefore identifying and optimizing novel combinatorial strategies and taking iron levels into account will improve outcomes for patients with advanced cancer.

Although there have been some major advances in the development of iron-based therapeutics their toxicity, short-half life, rapid metabolism, and emerging resistance are ongoing concerns. A lack of insight into the mechanisms underlying resistance to these therapies has somewhat hampered generation and optimization of new analogs to overcome these issues. Metabolic studies will likely provide the information we need for determining the route and sites of drug “de-activation” and whether pro-drug strategies could circumvent it. It may also inform novel drug combinations to improve tumor responses or help identify which patients are most likely to benefit from iron-based therapies. Furthermore, targeting strategies, such as bioconjugation or use of nanoparticle systems to deliver iron-modulators may be developed to improve bioavailability, tumor specificity and could be especially useful for crossing the BBB to treat metastatic disease. The future, thus, looks bright for the more widespread introduction of iron-based therapies into mainstream oncology, but most likely in a precision medicine personalized care basis.
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ABBREVIATIONS

BBB, blood brain barrier; BSO, buthionine sulfoximine; CAFs, cancer-associated fibroblasts; CCL2, C-C Motif Chemokine Ligand 2; CD163, clusters of differentiation 163; CD91, clusters of differentiation 91; c-Myc, proto-oncogene c-Myc; COX-2, cyclooxygenase-2; CPX, ciclopirox olamine; CRC, colorectal cancer; Dcytb, cytochrome b reductase 1; DFO, desferrioxamine; DFP, deferiprone; DFX, deferasirox; DMT1, divalent metal ion transporter 1; DOHH, deoxyhypusine hydroxylase; ECM, extracellular matrix; EGCG, epigallocatechin-3-gallate; EGFR, epidermal growth factor receptor; eIF5A, eukaryotic initiation factor 5A; EMT, epithelial-mesenchymal transition; EV, extracellular vesicles; FAC, ferric ammonium citrate; FINs, ferroptosis inducers; FINO2, ferroptosis inducer endoperoxide; FTH1, ferritin heavy chain 1; FTL, ferritin light chain; GBM, glioblastoma multiforme; GSH, glutathione; GPX4, glutathione peroxidase 4; HCC, hepatocellular carcinoma; HIF-1α, hypoxia-inducible factor 1α; HKa, high molecular weight kininogen; HO-1, heme-oxygenase 1; IFN-γ, interferon γ; IL-6, interleukin 6; IL-10, interleukin 10; IRE, iron-responsive element; IRP1, iron regulatory protein 1; IRP2, iron regulatory protein 2; JNK, c-Jun N-terminal kinases; LCN2, lipocalin 2; Lf, lactoferrin; LIP, labile iron pool; MAPK, mitogen-activated protein kinases; MHC, major histocompatibility complex; miRNA, microRNA; MMPs, matrix metalloproteinases; MtFt, mitochondrial ferritin; MTf, melanotransferrin; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor-κB; NGAL, neutrophil gelatinase-associated lipocalin; NK, natural killer; NRF2, nuclear factor erythroid 2-related factor 2; NTBI, termed non-transferrin bound iron; PCBP2, poly(C)-binding protein 2; PD-L1, programmed death ligand 1; Pgp, P-glycoprotein; PUFA-PLs, polyunsaturated fatty acids; RNR, ribonucleotide reductase; ROS, reactive oxygen species; S1P, sphingosine 1-phosphate; SCARA5, scavenger receptor class A member 5; STAT3, signal transducer and activator of transcription 3; STEAP3, six-transmembrane epithelial antigen of the prostate 3; TAMs, tumor-associated macrophages; Tf, transferrin; TfR1, transferrin receptor 1; TfR2, transferrin receptor 2; TGF-β, transforming growth factor β; UTR, untranslated region; VEGF, vascular endothelial growth factor; ZIP14, Zrt- and Irt-like protein 14; ZIP8, zinc transporter ZIP8.
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Although the inhibition of mTOR is a promising treatment for neuroendocrine tumors, several questions are still open for cell specificity and resistance. With the newly characterized gastric neuroendocrine tumor mouse model (CEA424-SV40 T antigen transgenic mice), the anti-tumor efficiency of RAD001 (Everolimus) was tested both in vitro and in vivo. Tumor samples were analyzed for the expression of RNA by cDNA microarrays and also signaling pathways to get more details on the local surviving or selected cells. RAD001 treatment dramatically slowed down tumor growth and prolonged the animals' survival. This inhibitory effect has a preference for tumor cells since gastrointestinal hormone and neuroendocrine tumor specific markers were more reduced than the epithelial ones. While phosphorylation of p70S6K was almost completely blocked both in vitro and in vivo, the phosphorylation of 4EBP1 was only partially inhibited in vitro and unaffected in vivo. RAD001 treatment induced feedback activation of metabolism related pathways like PI(3)K–Akt–mTOR and MEK/ERK signalings. An induction of senescence as well as differential expression of genes responsible for metabolism was also observed, which highlighted the contribution of metabolic molecular signatures to the escape of the tumor cells from the treatment. Together, our data revealed efficient anti-tumor ability of RAD001 in a new gastric neuroendocrine tumor mouse model system and offered new insights into the clinical aspects of the incomplete elimination of tumor cells in patients treated.

Keywords: mTOR inhibitor, neuroendocrine tumor, resistance, metabolism, PI(3)K–Akt–mTOR signaling, MEK/ERK signaling, senescence


INTRODUCTION

Gastroenteropancreatic neuroendocrine tumors (GEP-NETs) comprise a highly heterogeneous group of tumors with strikingly various clinical behaviors (1). Although they are considered to be much rarer than adenocarcinomas (1) and represent only up to 2% of all malignancies, their incidence has been increasing exponentially over the past decades, and are reported as the second most common malignancy of the gastrointestinal tract, right after colorectal cancer (2–5). Regardless of the improved disease awareness and diagnostic techniques, the overall 5-years survival has not changed tremendously since 1973 (1). Thus, model systems for studying disease pathogenesis and screening novel treatment approach are urgently needed to improve clinical management.

Good models should show a particular and stable phenotype which mimics the clinical situation as close as possible and can be easily reproduced. There are some genetically engineered murine models available for neuroendocrine tumors in pancrease (6–10), prostate (11–13), and colon (14), while there are few well-described model for NETs in stomach, like Apt4b-SV40 TAg transgenic mouse (15) and knockin mouse model for the ATP4a(R703C) mutation (16, 17). With a carcinoembryonic antigen (CEA) minimal promoter and the SV40 large T antigen the CEA424-SV40 T antigen transgenic mouse model was generated, which was originally designed to produce a model system for colorectal cancer. Interestingly enough, one subline of these mice developed high proliferative tumors in the antrum region of the stomach in 100% of the offspring (18), which we further characterized as neuroendocrine carcinoma (19). In addition, several cell lines were also established from the primary tumor (20) which we further characterized and found to have a similar cDNA profile like the tumor samples and express chromogranin A, B, as well as secretin and glucagon (19) (Figure 1). So they clearly resemble the tumor originating and located in the antrum of the stomach in CEA-T antigen heterozygous mice and offer good in vitro capabilities to screen drugs.
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FIGURE 1. The neuroendocrine phenotype of the CEA424-SV40 T antigen transgenic mouse model. (A) Immunohistochemistry for SV40-TAg was applied to stomach sections from mice of different age to identify the tumor areas. (B) Ki67 staining in the tumor area of a 107 days old mouse. Macroscopic picture of the stomach from this mouse was shown in (C,D) Immunohistochemistry for chromogranin B on stomach sections from 30, 60, and 90 days old CEA424-SV40 TAg transgenic mice. (E) Left: immunohistochemistry for glucagon on stomach section from a 90 days old CEA424-SV40 TAg transgenic mouse. Right: SV40 TAg and glucagon double staining on cell line mGC3. SV40 TAg: red (Alexa-546); glucagon: green (Alexa-488). (F) Left: SV40 TAg and secretin double staining on stomach section from a 92 days old CEA424-SV40 TAg transgenic mouse. Right: immunofluorescent staining for secretin in cell line 424GC. SV40 TAg: red (Alexa-546); secretin: green (Alexa-488); nuclei were stained with Hoechst 33342. (G) ELISA analysis of secretin level in the plasma of 90-days-old CEA424-SV40 TAg mice and non-transgenic mice. T-mice: CEA424-SV40 TAg transgenic mice; n = 4 in each group; *p < 0.05 vs. control. (H) As secretin functions as a feedback inhibitor of gastric acid secretion, elevated secretin hormone level leads to reduced acid producing cell numbers. Left: immunohistochemical staining for H+-K+-ATPase on stomachs of CEA424-SV40 TAg transgenic mice and normal mice. Right: statistical analysis for H+-K+-ATPase positive cell number. n = 5 in each group, *p < 0.0005 vs. control. Scale bars in the staining pictures: 50 μm.


From several drugs tested, mTOR inhibitors showed a great efficacy in stopping tumor cell growth in our cell lines. The activation of the mTOR pathway is a hallmark of several different tumors, including GEP-NETs (21–24). Neuroendocrine tumors were among the first tumors to be treated with mTOR inhibition. More recent clinical studies have shown an impressive improvement on the median progression-free survival although complete remission was more the exception than the rule (25–28). The question therefore remains, whether only selected tumors are sensitive, or tumor cells are selected and/or develop resistance. There have been studies which indicate that loss of the p70S6K-mediated negative feedback loop on the PI(3)K–Akt–mTOR pathway might limit the antitumor effects induced by mTOR inhibitors (29). while more recent studies reported that negative or lower expression of mTOR, p70S6K, AKT, ERK1/2 were an indicator of RAD001 resistance (30). Thus, the exact resistant mechanism underlying is still unclear. In this study, the anti-tumor efficiency of mTOR inhibitor RAD001 (Everolimus) was tested in vitro and in vivo with special emphasis on signaling pathways to get more details on the local surviving or selected cells.



RESULTS

RAD001 Effectively Inhibits Tumor Cell Growth Both in vitro and in vivo

The neuroendocrine phenotype of the CEA424-SV40 TAg transgenic mouse model system was described previously by our team (19). Genes specific for neuroendocrine family were significantly up-regulated in the tumors spontaneously developed in the antral region of the stomach as well as in cell line 424GC, which is derived from the primary tumor (19). In Figure 1, we could further show that neuroendocrine markers chromogranin B, glucagon and secretin were highly expressed in tumor cells and a significantly elevated hormone level of secretin was also detected in the plasma of tumor bearing mice comparing to non-transgenic littermates. According to the features described, especially the high Ki-67 index, which is over 50%, this mouse model most probably refers to gastric neuroendrocrine tumors type 3 (Figure 1). In tumors as well as in GC-cell lines, activation of the mTOR pathway could be constantly shown. Thus, mTOR inhibition seems to be an adequate therapeutic protocol for testing the role of mTOR in the growth neuroendocrine tumors. All cell lines tested showed a dose dependent inhibition of cell proliferation. It was interesting to note, that this inhibition followed a stepwise course with a plateau phase between 1 nM and 1 μM. A further increase of the drug concentration to 10 μM however stopped the proliferation completely (Figure 2A). While the WST-1 assay shows a more transient effect of the drugs, a colony formation assay can display the long term effects of the treatment on cell proliferation. Thus, cell lines treated with 100 nM RAD001 for 72 h were seeded into 6-well plate for colony formation. After 3 weeks cultivation, colonies formed were fixed by methanol and stained with crystal violet. For all the three drugs, 72 h treatment significantly inhibited the colony forming ability of all the three cell lines (Figure 2C). Seventy two hours treatment with RAD001 also induced higher apoptotic rate in all the three cell lines (Figure 2B).
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FIGURE 2. mTOR inhibitor RAD001 induced anti-tumor effects in vitro. (A) RAD001 efficiently inhibited cell proliferation in a dose dependent manner. WST-1 absorption was tested after 72 h treatment. The experiments were performed in triplicate. *p < 0.05 vs. control. (B) Cells treated with 100 nM RAD001 for 72 h were tested for apoptotic rate. Higher apoptotic rates were observed in the cell samples treated with RAD001. (C) Cells treated with 100 nM RAD001 for 72 h were seeded into 6-well plate for colony formation. Decreased clone numbers were observed in the treated group (n = 6 for each group, *p < 0.05: RAD001 treated group vs. control group).


From these inhibition experiments and reports from the literature we selected a concentration of 10 mg/kg/BW for treating animals. Beginning at day 50, when transgenic mice have distinct tumors in the antrum (Figure 3A), animals were treated with 10 mg/kg RAD001 or placebo by gavage once per day from day 1 to 5 every week. As a measure of effectiveness, the weight of the animals was monitored daily. In the first experiment, the difference of the survival time was compared between the control group and RAD001 treated mice. According to the animal right legal restrictions by the government, all the mice were sacrificed when they lost 20% of their peak weight or severe behavioral change was observed, which also clearly indicates that the tumor was large enough to obstruct the passage of the food. The feeding of RAD001 or placebo continued until the mice were sacrificed. The average starting weight in this experiment was 18.56 ± 3.22 g for control group and 17.22 ± 2.14 g for RAD001 treated group (p > 0.05, n = 4) (Figure S4). Mice in the control group started to lose weight at around day 90–100, while mice in the RAD001 treated group showed a comparable weight loss not before day 126–136. The mTOR inhibition could clearly slow down tumor growth and significantly extend the survival of animals by 35 days in average compared with sham treated controls (Figure 3B). In the second experimental setting in which all the mice were sacrificed on day 98 (that is the day when the first control mouse started to lose weight) we found that tumor weight was significantly reduced in the RAD001 treated group when samples were taken at the same age of animals (Figures 3C,D). This situation reflects quite precisely the clinical observation on growth retardation and validates that neuroendocrine tumors are responsive to mTOR inhibition. This also made it obvious, that the effect of the mTOR inhibition was a slow down of the proliferation in CEA424-SV40 T antigen transgenic mice, but not a cytotoxic effect on the tumor cells and a cure for the mice. The tumor cells may lose the sensitivity to the inhibitory effects induced by RAD001 on typical mTOR signaling pathways.
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FIGURE 3. RAD001 treatment prolonged the survival time of the CEA424-SV40 TAg transgenic mice. (A) SV40-TAg staining was applied to stomach sections from mice of different age. In vivo experiment started with mice of day-50, when tumors were well-formed. Scale bars: 50 μm. (B) Left: weight curves of the CEA424-SV40 TAg transgenic mice. Blue curve: control group; red curve: RAD001 treated group. Right: mean age of the CEA424-SV40 TAg transgenic mice when they lost 20% of the peak weight (*p < 0.0001: RAD001 treated group vs. control group). (C) Macroscopic picture of the stomachs from control mice and RAD001 treated mice after 48 days of treatment with placebo or RAD001. Mean tumor weight of these two groups was shown in (D) (*p < 0.05: RAD001 treated group vs. control group). (E) An example of the Ki67 staining on stomach sections from control mice and RAD001 treated mice. Scale bars: 50 μm. No significant difference was found for the Ki-67 index in the two groups (F).




The Discrepant Inhibitory Effect of RAD001 on mTOR Signaling

Western blot and immunostaining showed that both the cell lines and the tumor tissue highly express the downstream target of mTOR (Figure 4), indicating that in the CEA424-SV40 TAg gastric tumor and the cell lines mTOR pathway is highly active. Treatment of cells for 2, 24, and 72 h with RAD001 completely suppressed the phosphorylated form of p70S6K (Figure 4A and Figure S1). This effect could also be seen in tissue samples from RAD001 treated animals reflecting the power of mTOR inhibition in vivo (Figure 4B and Figure S2). In addition, the expression of phospho-S6 ribosomal protein, which is a downstream target of p70S6K, was also reduced in the tumor tissue, showing further evidence of an effective mTOR inhibition, although this effect was not complete and could only lower the percentage of positive cells by about 50% (Figure 4C).
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FIGURE 4. RAD001 efficiently inhibited the mTOR-p70S6K signaling while inducing a feedback activation of PI(3)K–Akt–mTOR and MEK/ERK pathways. (A) The expression of phosphorylated and total p70S6K, 4EBP1, Akt, MEK, and ERK1/2 was evaluated in the primary tumor cell lines and cells treated with RAD001 for 2, 24, and 72 h with western blot. The same analysis was applied to the tumor tissues from RAD001 treated mice and control mice after 48 days of treatment with RAD001 or placebo (B). (C) Staining for p-S6 ribosomal protein was applied to tumor sections from RAD001 treated mice and control mice. Scale bars: 50 μm. Statistical analysis for p-S6 ribosomal protein positive cell rate is shown on the right. *p < 0.05: RAD001 treated group vs. control group.


In addition, the phosphorylation of 4EBP1 was also studied as another mTORC1 substrate responsible for transcription and translation initiation of genes involved in cell growth. The effect of the mTOR inhibition could be followed quite easily in GC cell lines, although the time course was quite different from the p70S6K-inhibition. While treatment for 2 h had no effect on phospho-4EBP1 concentration in the cell lines, 424GC responded only weakly after 24 h while GC3 and GC8 offered the strongest inhibition after 72 h (Figure 4A). So, there is a time and cell line specific difference, which might be associated with a different responsiveness of the two latter lines. In accordance with this, the inhibitory effect on the phosphorylation of 4EBP1 could not be seen in vivo (Figure 4B). This may indicate that although both mTOR substrates can be suppressed by RAD001 in vitro, the anti-tumor effects observed in our CEA424-SV40 T antigen transgenic mouse model system may dependent more on the inhibition of p70S6K, or some other feedback mechanisms help rescue the tumor cells.

There is some controversy whether the preferential inhibition of the TORC1 pathway by Everolimus activates as a consequence the phosphorylation of AKT either at Ser473 by TORC2 or Thr308 by the PI3-pathway kinase PDPK1 and thus bypasses the inhibitory effects. In tissue samples, the phosphorylation of AKT at Ser473 was higher after mTOR inhibition (Figure 4B and Figure S2), while in the cell lines RAD001 induced Akt phosphorylation after 2 and 24 h stimulation at both sites (Figure 4A). This points to the importance of TORC2 and the PI3kinase pathway in the sequence of tumor development.



Possible Escape Mechanisms Learned From the RAD001 Resistant Tumor Cells

The treatment in the model system made it obvious, that the effect of the mTOR inhibition was a slowdown of the proliferation in CEA424-SV40 T antigen transgenic mice, but not a cytotoxic effect on the tumor cells and a cure for the mice. And one fascinating result from the in vivo treatment is that, when the Ki67 index was evaluated at the time point of terminal tumor growth, no significant difference was found between controls and RAD001 treated animals (Figures 3E,F). So mTOR inhibition affected almost exclusively later steps in tumor cell survival. Thus, we started a selection of the cell lines in vitro. We selected GC cells in vitro by chronic RAD001 exposure at concentrations of up to 400 nM reflecting partially resistant cells. When tested acutely, these cells were less sensitive to RAD001 and even in the absence of RAD001 grew much slower than controls (Figures 5A,B). This effect could be shown in all three separate lines tested, although with slight differences. The calculations for GI50 in the resistant cell lines showed a 290-fold increase in 424GC (2.49 ± 0.42 nM for control cells and 722.51 ± 79.88 nM for resistant cells), a 3,168-fold increase in mGC3 (0.18 ± 0.12 nM for control cells and 573.46 ± 75.16 nM for resistant cells), and a 864-fold increase in mGC8 (0.07 ± 0.06 nM for control cells and 64.55 ± 19.11 nM for resistant cells) when compared to the primary cell lines (Figure 5C). The resistant cell lines could be stored in liquid nitrogen and brought back into culture after freezing and thawing cycles without significant change in the morphologic appearance. To check if the resistance aquired was stable, we thawed the resistant cell lines which had been stored in liquid nitrogen for more than 3 months and kept them in culture with medium without RAD001 for 4 weeks before the dose-reponse experiment for RAD001 was repeated. Persistent resistance was observed with GI50s of the same order of magnitude in all the three cell lines. When the typical response of these cells on the phosphorylation of mTOR target gene p70S6k was tested, it became clear that they were still responsive to RAD001 (Figure 5E and Figure S3). Interestingly enough, the 4EBP1 phosphorylation was not affected at all in mGC8 (Figure 5E). This was reminiscent of the response in tissue, that long term treatment of the animals with RAD001 blocked p70S6K phosphorylation but had only marginal effects on 4EBP1 phosphorylation (Figure 4B).
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FIGURE 5. Study on the RAD001 resistant cell lines. (A) Growth curves of RAD001 resistant cell lines and the parental untreated cell lines. A slowed down proliferation was observed in the resistant cell lines comparing to the parental untreated cell lines even being cultured in RAD001 free medium. (B) Cell viability assay was applied to RAD001 resistant cell lines and the parental untreated cell lines. WST-1 absorption was tested after 72 h treatment. (C) The GI50s of the primary cell lines and RAD001 resistant cell lines (*p < 0.05: RAD001 resistant cell lines vs. primary cell lines, n = 3). Much higher GI50s were achieved in the resistant cell lines. (D) RAD001 resistant cell lines and their parental untreated cell lines were analyzed for acidic senescence-associated β-galactosidase activity. Higher percentage of β-gal positive cells was observed in the resistant cell liens. Scale bars: 100 μm. *p < 0.05: RAD001 resistant group vs. control group. (E) The expression of molecular markers was compared between the RAD001 resistant cell lines kept in 400nM RAD001 and the parental untreated cell lines by western blot.


Besides, MEK/ERK signaling was also observed in RAD001 resistant cell lines. Up-regulated expression of phospho-MEK was observed in all the tested three RAD001 resistant cell lines while an induction of phospho-ERK1/2 was detected in mGC3-RAD001 resistant cell line (Figure 5E). Actually, the enhanced expression of phospho-ERK1/2 was also detected in the tumor tissues (Figure 4B and Figure S2) and cell line mGC3 and mGC8 after 72 h treatment with 100 nM RAD001 (Figure 4A). In vitro treatment of 2 and 24 h was not sufficient to induce a significant activation of this pathway. It is worth mention that the induction of p-Akt (Thr308) expression could still be observed in cell line 424GC and mGC3 after long term RAD001 treatment, although this effect was not as strong as seen in short term treatment of 2 and 24 h (Figure 5E).

Another interesting finding from the RAD001 resistant cell lines is that they displayed a much stronger senescent phenotype compared with control cells as shown by β-galactosidase staining and p16 expression detection (Figures 5D,E). Indeed array analysis showed a slight induction of senescence associated genes (Figure 6A). Senescence related genes differentially expressed between the control mice and RAD001 treated mice were further analyzed by STRING database. Protein-protein interaction revealed a core function of the Cdkn gene family (Figure 6B). In addition a reduction of p38 phosphorylation indicates a state of dormancy (Figure 5E).


[image: Figure 6]
FIGURE 6. microarray analysis on tumor tissue samples for senescent signature. (A) cDNA-array analysis in the tumor tissues from RAD001 treated mice and control mice showed a slight induction of senescence associated genes (p < 0.05: RAD001 treated group vs. control group). (B) Senescent related genes differentially expressed between control group and RAD001 treated group (p < 0.05) were selected for STRING analysis. Protein-protein interaction was shown.




Gene Expression Profiles of NETs During mTOR Inhibition

Global analysis of gene expression offers the chance to get a broad overview on changes in processes induced by mTOR inhibition. Thus, we analyzed tumors from controls and RAD001 treated animals by cDNA-array (Supplementary Table 1). GO analysis of the whole gene-set revealed an enrichment of neuroendocrine related genes, which further confirmed the neuroendocrine phenotype of the tumors developed in our mice (Figure 7D). Based on the array data, 486 genes were found to be differentially expressed between the control group and RAD001 treated group (p < 0.05, fold change>2), in which 254 genes were up-regulated and 232 genes were down-regulated in RAD001 treated animals (Figures 7A,B and Supplementary Table 2). The increase most probably reflected a change in caspase 1, immune markers like CD44 and Ccl25 but also markers for an unspecific immune response like defensins, Lgals, Lyz1, and also mucin. Since mTOR inhibition initially has been used due to its immunosuppressive effects, this makes perfectly sense. A more intense analysis of the transcriptome in the tissue samples demonstrates, that mTOR inhibition selectively affects tumor cells since tumor specific target genes e.g., Sct, Chga, and Chgb or Thp1 were reduced (Figure 7C). Target genes were selected on the basis of their highest increase in developing tumors over time from controls to 90 days of age and shown by a recent paper (15). The expression of genes for gastrointestinal hormones were also found to be down regulated (Figure 7C). In contrast, expression of gastric epithelial cell markers e.g., mucins (Muc5ac), cadherin/cytokeratins remain unchanged or even go up in treated animals. While the expression of the SV40 large T antigen was only slightly down-regulated, Nkx2.2, a transcription factor highly expressed in tumor cells as well as in the parent tumor was considerably reduced in RAD001 treated animals. A similar reduction could be detected for Bmi1 and Etv1, the latter as one of the possible driving forces in tumor development in this particular tumor model (Figure 4B). All this points to the fact, that tumor cells are more susceptible to mTOR inhibition.
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FIGURE 7. Microarray analysis on tumor tissue samples from mice treated with RAD001 or placebo. (A) Transcriptome analysis in the tumor tissue samples by cDNA-array. Three samples from each group were included. C, control mouse treated with placebo; R, mice treated with 10 mg/kg RAD001. Gene expression was analyzed by cluster 3.0 and TreeView. (B) From the whole array, 1,344 genes show differential expression between control group and RAD001 treated group (p < 0.05: RAD001 treated group vs. control group). Red: up-regulated for more than 2 folds; blue: down-regulated for more than 2 folds; black: fold change between −2 and 2. (C) A down regulation of genes specific for neuroendocrine tumors and gastrointestinal hormones was observed in mice treated with RAD001 comparing to control mice. Data are expressed as exponent only (log2). A position left from the diagonal indicates an increase, on the right an inhibition after RAD001 treatment. (D) GO analysis showed an enrichment of neuroendocrine related genes in the term of Cellular Component (CC).


To further investigate the network characteristics of the genes differentially expressed after long-term treatment by RAD001, genes significantly up or down regulated by more than 2-folds were analyzed by STRING databese. The protein-protein interaction (PPI) network was showed in (Figure 9) (PPI enrichment p<1.0e−16). Functional enrichment analysis revealed 70 Biological Process (BP) GO terms, 82 Cellular Component (CC) GO terms, and 18 Molecular Function (MF) GO terms. The gene counts for each GO term were shown in (Figures 8A–C). The top MF GO term with highest gene counts was protein binding while the top BP GO term was single-organism process. KEGG significant enrichment showed that the top 7 pathway which included the largest number of genes was metabolic pathways, dopaminergic synapse, microbial metabolism in diverse environments, pancreatic secretion, endocrine, and other factor-regulated calcium reabsorption, bile secretion and insulin secretion, which highlighted the metabolic and neuroendocrine related pathways. These important pathways were also labeled in the PPI networks.
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FIGURE 8. GO enrichment analysis and KEGG signaling pathway analysis. (A–C) Observed gene counts for each GO term were shown. (D) KEGG analysis identified 23 molecular pathways and gene counts for each mathway were shown.
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FIGURE 9. STRING analysis of the array data. Genes differentially expressed between control group and RAD001 treated group (p < 0.05, fold change>2) were selected for STRING analysis. Protein-protein interaction was shown. The top 7 pathways which contained the highest gene counts identified by KEGG analysis were labeled on the PPI map.





DISCUSSION

mTOR is a serine/threonine kinase belonging to the PI3K-related protein kinase (PIKK) family (31). As a key regulator for translational control, mTOR integrates various environmental cues to regulate host homeostasis (32). A growing body of evidence shows the link between activated mTOR signaling and tumor formation, including neuroendocrine tumors (33, 34). Mutations in genes of mTOR pathway were reported in 14% of pancreatic neuroendocrine tumors (p-NETs) (24). In a global gene expression microarray analysis for a large panel of pancreatic endocrine tumors, the tuberous sclerosis 2 (TSC2), and phosphatase and tensin homolog (PTEN), which are two well-defined mTOR inhibitors, were found to be downregulated in most of the primary tumors, and the disfunction of these two mTOR up-stream regulators could be recognized as a sigh for significantly shortened disease-free and overall survival (35). These observations were further confirmed by the phase III studies for p-NET with a significantly increased progress free survival in Everolimus treated patients (25–28), which leads to the approval of this drug by the Food and Drug Administration (FDA) and European Medicines Agency (EMA). Although an impressive improvement on the median progression-free survival has been shown by these studies, the efficancy of Everolimus is not strong enough to achieve a complete remission but only a delay of the disease progression. The underlying mechanisms of how the tumor cells manage to survive and escape from the treatment is not fully characterized. Our CEA424-SV40 T antigen gastric tumors and derived tumor cell lines highly express phosphorylated mTOR downstream substrates S6K and 4EBP1, indicating high mTOR activity. Thus, it provides a rationale for testing mTOR targeted therapy in the CEA424-SV40 TAg mouse model system both in vitro and in vivo, and this parallel strategy based on genetically engineered techniques is a big advance than single analysis on cell line or xenograft model system for key insights into the complexity of human disease.

In the current study, we are able to show that the activation of p70S6K, which is one major downstream target of the PI(3)K-Akt-mTOR pathway and responsible for cell proliferation, is significantly suppressed by the RAD001 treatment both in vitro and in vivo. In the cell lines, a complete elimination of phospho-p70S6K could already be achieved even after 2 h treatment, which clearly demonstrates the high efficiency of RAD001 treatment, although a potent effect on the 4EBP1 and MEK-ERK1/2 signaling needs a longer time of 72 h' treatment. Although RAD001 could efficiently inhibit cell proliferation in vitro, the anti-tumor effect induced by RAD001 in vivo was not strong enough to eliminate all the tumor cells. In the in vivo experiment, we chose a dose of 10 mg/kg for RAD001 treatment according to previous studies for RAD001 treatment on mice. The drug dose for human in mg/kg is usually multiplied by 12.3 to calculate mouse doses in mg/kg (36). The maximun Everolimus dose for human treatment in clinic is 10 mg (about 0.17 mg/kg for a patient of 60 kg), which is corresponding to 2 mg/kg for mouse. Although the dose in this study is higher compared to human studies, the mice tolerated this quite well. And even with such high drug dose, mice treated with RAD001 for almost 3 months still developed highly proliferative tumors which eventually led to the death of these mice. This indicated that these tumor cells in vivo became resistant to the treatment and reformed themselves to survive in the tough environment induced by the high concentration of RAD001. This is consistent with the situation in the clinic trails. Patients treated with Everolimus are not cured despite a prolonged progression-free survival. That is why we then established RAD001 resistant cell lines in vitro to investigate the altered molecular signals in the alive tumor cells after long-term RAD001 treatment. In previous study, Aristizabal Prada et al. also established independent Everolimus-resistant tumor cell lines with panNET cell line BON1. They chose a dose of 10 nM for selecting because the clinically relevant dose should be around 8–59 nM according to the plasma levels of everolimus in patients treated by 10 mg Everolimus daily (37). The dose we used to keep the resistant cell lines was 400 nM, which was also higher than the indicated clinically relevant dose. However, the selected tumor cells could be well-kept in culture with the high drug concentration and could survive after freezing and thawing cycles. The GI50s of these resistant cell lines were significantly elevated compared to the control cell lines and were still of the same order of magnitude after a drug holiday of 4 weeks, although the holiday was not long enough for a claim of a stable resistance as some other studies reported a complete reversal of resistance after a drug holiday of 12 weeks (38). It would be interesting to prolong the drug holiday for further confirmation of a persistant stable resistance as well as to repeat the in vitro and in vivo experiment in our model system with lower drug dose for better mimicking the clinical situation. Based on our current study, we point out that the incomplete inhibition of 4EBP1 phosphorylation may contribute to the limited therapeutic benefit from RAD001. Here, the mTORC1 substrate 4EBP1 seems to be not essential for the slowed down tumor development as the p-4EBP1 level remains intact after long term treatment in vivo, although in the fast growing cell lines (mGC3 and mGC8) a down regulation is observed after 72 h treatment. It is also interesting to note that when we prolong the treatment for 1 month, p-4EBP1 expression in mGC8 is restored. It indicated that long term RAD001 selection helped the mGC8 regain 4EBP1 phosphorylation. This cell-type-specific differential effects on p70S6K and 4EBP1 have also been shown by Choo et al. although in a totally different setup where mTOR activity was induced by serum or insulin after starvation instead of consistant oncogene driven mTOR activation as in our model system (39). Their study shows that S6K activity is potently inhibited by rapamycin throughout the duration of treatment, while 4EBP1 recovers in phosphorylation despite initial inhibition and they consider this reemerged 4EBP1 phosphorylation as one of the explanations for rapamycin resistance. In the case for our model system, the heterogeneity of the tumor cells may result in different response to the RAD001 treatment. As a consequence, cap-dependent translation could be differentially controlled in the presence of RAD001. Considering the crucial role of 4EBP1 in the regulation of tumor cell proliferation, its reinitiated phosphorylation could be a reasonable explanation for the maintained cap-dependent translation despite of mTORC1 inhibition.

To get more of an idea on a possible selection of resistant cells by mTOR inhibition, we did global analysis of gene expression and investigated the network characteristics of the genes differentially expressed after long-term treatment by RAD001. Here we noticed significantly altered metabolic molecular signatures. KEGG significant enrichment showed that “metabolic pathways” and “microbial metabolism in diverse environments” were among the top 3 pathways which included the largest number of genes. This makes sense as mTOR is a key regulator of multiple cellular mechanisms including metabolism. Cancer cells are well-documented to modifiy their metabolism networks to support survival and proliferation (40). RAD001 inhibited the mTORC1 downstream target p70S6K and thus achieved the anti-tumor effects both in vitro and in vivo. However, the activation of Akt by single RAD001 treatment due to the loss of p70S6K-mediated negative feedback loop on the PI(3)K–Akt–mTOR pathway helped the tumor cells to survive in the harsh conditions and finally led to the death of the tumor bearing mice. By phosphorylating IRS-1, S6K1 affects IRS-1 stability and thus blocks its effect on the PI(3)K–Akt signaling (25). In our model system, although no significant change was observed in vivo, an increase of phospho-Akt expression at Thr 308 was induced by RAD001 in the cell lines, which can be observed after 2, 24, and 72 h incubation. The RAD001 resistant cell lines also display higher level of phospho-Akt which means that this effect is consistent after long term selection in vitro, although the intensity of the induction tends to wane with time. On the other hand, we also checked the phosphorylation of AKT at another site Ser 473, which is usually induced by the activation of mTORC2. We found that in the cell lines the upregulation of phospho-Akt at this site is not so obvious and disappeared after 24 h treatment. So we think that the loss of S6K-mediated negative feedback on PI(3)K–Akt pathway contributes to the escape mechanism and a combination of PI(3)K or Akt inhibitor may induce even more potent anti-tumor effects. In fact, several studies have shown that PI3K inhibitors could re-establish everolimus sensitivity in human pancreatic neuroendocrine tumor cell lines (37, 38, 41). We have also tested PI3K inhibitor BEZ235 in the cell lines in preliminary experiment and observed potent anti-proliferative effect (data not shown). Further studies are needed to investigate if the combination of RAD001 and PI3K inhibitor helps overcome RAD001 resistance and enhance the therapeutic effect in gastric tumors with neuroendocrine phynotype and whether the treatment is well-tolerated.

Besides, we also observed a time course dependent activation of MEK/ERK signaling, which is another classic metabolism related pathway (42, 43), by RAD001 treatment. MEK/ERK signaling targets hundreds of proteins and has profound effects on growth of normal and malignant cells (44). The PI(3)K–Akt–mTOR and MEK/ERK pathway have also been reported as part of the genetic regulation of metabolism of other cancer types like lung cancer (45). There is also a cross regulation between these two pathways which builds up a complicated network critical for many aspects of tumorigenesis, drug resistance, and cellular senenscence (44, 46–48). These observations provide rational for a dual inhibitory strategy targeting both two signalings. Some preclinical studies have already shown that a combination of mTOR inhibitors with inhibitors targeting MEK or Raf leds to an enhanced response (49–52).

It is also worth mention that an induction of senenscence is observed in the RAD001 resistant cell lines. In theory, induction of senescence is considered as an anti-tumor mechanism and offers attractive therapeutic approach. It should be pointed out that this theory hinges on the principle that senescence is irreversible and the senescent cells are eventually eliminated by the host's defensive system (53, 54). However, there have been evidences of arrested malignant cells still being metabolically active and retaining the potential to recapture the proliferative capacity (54–56). Some studies also report that senescence can drive both degenerative and hyperplastic pathologiesstate and is associated with a poor therapeutic index in several tumor types (54, 57), which indicates that resistance may be induced by an accumulation of senescent cells and this senescent state may also serve as a protective mechanism for the tumor cells under stress. In our cultured cell lines, long term RAD001 treatment slowed down the proliferation with a higher rate of senescent cell. This arrested or relatively unresponsive state may help the tumor cells survive in the high drug concentration. On the other hand, it has also been reported that activated PI3K/AKT pathway can rapidly induce senescence in human fibroblasts and mTORC1 is an important mediator for this process (58). As mentioned above, we observed a slightly higher p-Akt expression in the RAD001 resistant cells which may also help to explain the induced senescence. Furthermore, our array analysis also points to significant alteration of pathways on metabolism, which supports the hypothesis that metabolically active cells are more sensitive to mTOR inhibition and tumor cells can adapt to this and respond by a slower proliferation and obtaining the senescent phenotype.



MATERIALS AND METHODS

Cell Lines, Animals, and Drug

Three cell lines, 424GC, mGC3, mGC8, originally established by Robert Kammerer, were kindly provided by Prof. Wolfgang Zimmermann. These cell lines were derived from spontaneously developing tumors of three different, 13 weeks old CEA424 SV40 TAg transgenic mice (C57BL/6-Tg(CEACAM5-TAg)L5496Wzm), which have been described previously (20). Cells were maintained in RPMI1640 with fetal bovine serum gold (10% in final concentration), sodium pyruvate, non-essential amino acids, glutamine and β-mercaptoethanol. For storage, cell lines were frozen in liquid nitrogen with the freezing medium (10% DMSO medium, 35% fetal bovine serum gold, 55% culture medium). The CEA424-SV40 T antigen transgenic mice were kept and bred at the animal facility of the Walter Brendel Centre of Experimental Medicine. Animals were housed under conventional conditions with free access to food and water. Animal studies within this work were registered with and accredited by the local regulatory agency (Regierung von Oberbayern, 55.2-1-54-2532-47-11, Munich, Germany). RAD001 was provided by Novartis Pharma (Basel, Switzerland).



Cell Viability Assay

Cells were seeded into 96-well plate at appropriate concentrations (424GC: 2 × 104/well, mGC3: 1.5 × 104/well, mGC8: 1.5 × 104/well) in 100 μl culture medium described above and incubated overnight at 37°C. On the 2nd day, the previous medium was not discharged in order to avoid the loss of cells during the procedure of medium change. Instead, 100 μl fresh medium with drugs suspended at twice the test concentrations were added into each well. The cells were then incubated at 37°C for 72 h. At the end of the experiment, supernatant was removed and 100 μl fresh medium was added into each well. For cell proliferation assay, 10 μl WST-1 reagent (Roche, Germany) was added into each well. The plate was incubated at 37°C with 5% CO2 for 4 h. The absorbance of the samples against a background control as blank was measured with a microplate ELISA reader (Tecan, Germany). The wave length for measuring the absorbance of the formazan product was 460 nm. The reference wavelength was 690 nm.



Colony Formation Assay

Cells treated with 100 nM RAD001 for 72 h were used for colony formation assay. The concentration of 100 nM RAD001 was chosen according to the literatures (46). Cells without any treatment were used as control. Cells of appropriate number were seeded into 6 well plate (424GC:1,000/well, mGC3: 800/well, mGC8: 800/well). Cultivation was lasted for 3 weeks and medium was changed every 4 days during this time. The clones were then fixed with methanol for 30 min and stained with 0.1% crystal violet in distilled water for 30 min. Subsequently, the clones were washed with tap water twice before the plates were photographed. The clone number was counted with Image J program.



Flow Cytometry Analysis for Cell Apoptosis

Cells incubated with 100 nM RAD001 for 72 h were analyzed by FACS for cell apoptosis with Annexin V-FITC kit (Miltenyi Biotec, Germany) according to the manufacturer's instructions. Cells incubated with normal culture medium for the same period of time were used as control. The test was repeated twice to confirm the result.



Senescence β-Galactosidase Cell Staining

β-Galactosidase staining was applied to 424GC, mGC3, mGC8, and their corresponding RAD001 resistant cell lines to detect senescent cells with a Senescence β-Galactosidase Staining Kit (Cell signaling, Germany). Briefly, cells were seeded into 24-well plate in appropriate number and cultured in culture medium without drug for 48 h. Prior to staining, cells were fixed with fixative solution provided by the kit for 10 min at room temperature. After washed with PBS, cells were incubated with β-Galactosidase staining solution at 37°C overnight in a dry incubator. The next day, β-Galactosidase Staining Solution was removed and the cells were overlayed with 70% glycerol.



Animal Experiment

50 days old CEA424-SV40 T antigen transgenic mice were randomly assigned to treated group or control group. RAD001 agent together with placebo were provided by Novartis Pharma, Switzerland. The drug was supplied as a 2% microemulsion in certican. The placebo was also provided in the same solution. RAD001 stock solution and placebo was aliquoted and stored at −20°C in dark. Before feeding, one aliquot of RAD001 stock solution was thawed at room temperature and then diluted with distilled water to a final concentration of 1 mg/ml. After careful mixing on a vortex, the drug was given to mice by gavage within 1 h according to the datasheet provided by Novartis. The preparation of the placebo was the same as the RAD001. For feeding, 10 mg/kg (10 ml/kg) RAD001 or placebo was given by gavage daily from day 1 to 5 every week. The dose chosen was based on previous studies which also applied daily oral administration of the drug (59–61). In the first experiment, we tested the survival time when all tumors developed a terminal size. So all the mice were sacrificed when they lost 20% of the peak weight or severe behavioral change was observed. This was also the end point according to the legal restriction by animal right. To further analyze the effects of the mTOR inhibitor RAD001, a different set up was chosen. Instead of testing the survival time when all tumors developed a terminal size, a fixed time protocol was chosen. The experiment was stopped when the first control mouse started to lose weight. In another word, instead of being sacrificed when 20% of the peak weight was lost, all the mice in this experiment were ended at the same age (on day 98). Four 50 days old CEA424-SV40 TAg transgenic mice were included in the RAD001 treated group and three of the same age in the placebo group. 10 mg/kg RAD001 or placebo was given orally once per day from day 1 to 5 every week as before. Weight was monitored daily, as in the first set up. Tumor tissue harvested for western blot were all from the second experiment.



Immunohistochemistry

The stomachs taken from mice were opened in the minor curvature, fixed in 4% formaldehyde for 2 h at room temperature, dehydrated and embedded in paraffin wax. 2–3 μm sections were deparaffinized in xylene, and rehydrated in a graded series of ethanol. Antigen retrieval was performed when necessary in boiling natrium citrate buffer (PH6.0) for 15 min. Antibodies directed at Glucagon (Cell signaling,1:100), Chromogranin B (Santa Cruz, 1:100), SV40 T Ag (Santa Cruz, 1:500), Ki-67 (Dako, 1:50), Hydrogen Potassium ATPase Beta (Abcam, 1:1000), Phospho-S6 Ribosomal Protein (Ser235/236) (Cell signaling, 1:100), Phospho-S6 Ribosomal Protein (Ser240/244) (Cell signaling, 1:800), were applied to the sections for 2 h incubation at room temperature. Sections were then treated with HRP-coupled secondary antibodies (ImmPRESS Anti-Rabbit Ig Polymer Detection Kit, Vector Labs) or biotin-conjugated secondary antibody followed by avidin-biotin-peroxidase complex (VECTASTAIN Elite ABC Kit, Vector Labs). Primary antibodies were visualized by AEC or DAB as substrate.



Immunofluorescence

Tissue sections from the mice stomach were prepared as above. Antibodies directed at SV40 T Ag (Santa Cruz, 1:500), Glucagon (Cell signaling,1:100), Secretin (Biozol, 1:100) were used for primary incubation (2 h, room temperature). Sections were then reacted with appropriate secondary antibodies for 1 h at room temperature and counterstained with Hoechst33342.



Protein Extraction and Western Blotting

Protein extraction was performed with PhosphoSafe™ Extraction Reagent (Novagen, Germany) according to the manufacturer's instructions. Proteins from cell and tissue lysates were resolved by polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane in a semidry transfer unit, and blocked in 5% non-fat milk. Primary antibodies used were Actin (1:1000, Santa Cruz, USA), NKX2-2 (1:16000, Aviva Systems Biology, USA), Bmi1 (1:1000 Abcam, UK), Etv1 (1:1500, Abcam, UK), SV40 T Ag (v-300) (1:800, sc-20800) (Santa Cruz, USA), p16 (1:1000, Santa Cruz, USA), Phospho-p38 (1:1000, Thr180/Tyr182) (Cell signaling, Germany), p38 (1:1000, Cell signaling, Germany), Phospho-p70S6 Kinase (Thr389) (1:1000, Cell signaling, Germany), p70S6 Kinase (1:1000, Cell signaling, Germany), Phospho-4EBP1 (1:1000, Cell signaling, Germany), 4EBP1 (1:1000, Cell signaling, Germany), phospho-Akt (Thr308) (1:1000, Cell signaling, Germany), phospho-Akt (Ser473) (1:1000, Cell signaling, Germany), phospho-MEK (Ser217/Ser221) (1:1000, Cell signaling, Germany), MEK (1:1000, Cell signaling, Germany), phospho-ERK1/2 (Thr202/Tyr204) (1:1000, Cell signaling, Germany), ERK (1:1000, Cell signaling, Germany). The primary antibodies were diluted with 5% bovine serum albumin in PBS with tween. The membrane was incubated with primary antibodies overnight at 4°C on a rotating platform, washed and incubated in the corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. The detection of the HRP coupled antibodies was carried out with SuperSignal® West Femto Maximum Sensitivity Substrate (Thermo Scientific, USA). The signal was detected with a Hamamatsu Aequoria system.



RNA Isolation and Microarray Analysis

Tumor tissue from the mice included in the first RAD001 experiment (as described above) was used for microarray analysis. Three tumor samples from each group were included. Total RNA isolation was performed with NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions. Microarray analysis was performed as described previously (19). Genes differentially expressed between control and RAD001 treated group (p < 0.05, fold change >2) were further analyzed with STRING database (Version 10.5, https://string-db.org) for protein-protein interaction (PPI). Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis were used to analyze the possible pathological molecular mechanism involved during the long term treatment of RAD001.



Statistical Analysis

Statistical significance was assessed by comparing median values using the non-parametric Mann-Whitney-U-test for independent samples and t-test for random samples (Sigma plot 10.0). p<0.05 were considered significant.




CONCLUSION

Taking together, the present work based on the CEA424-SV40 T antigen tumor mouse model system provides supportive evidence for the anti-tumor potential of the mTOR inhibitors. Single treatment of RAD001 efficiently inhibits cell proliferation in vitro and displays local effectiveness in vivo. Tumor progression is slowed down and the survival time of the tumor bearing mice is significantly prolonged. The “escape” mechanism of the tumor cells is currently not fully understood although the incomplete inhibition of 4EBP1 phosphorylation and the feedback activation of PI(3)K–Akt and MEK/ERK signaling as well as an induction of senescence may be possible explanations. Combination therapies may give new light on more successful clinical management. Thus, this new model system could be of great value not only for studies on the mechanisms of how SV40 TAg induces neuroendocrine tumors but also for exploring novel targeted therapy in a preclinical setting.
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Figure S1. Histograms of the western blot analyses shown in Firure 4A for short term treatment of 2h, 24h and 72h in the cell line 424GC, mGC3 and mGC8. Blue: control group; red: cells treated by 100nM RAD001.

Figure S2. Histograms of the western blot analyses shown in Figure 4B for RAD001 treatment in vivo. The expression of phosphorylated and total p70S6K, 4EBP1, Akt, MEK and ERK1/2, as well as the expression of SV40 TAg, Bmi1, Etvi and Nkx2.2 were evaluated in the tumor tissues from RAD001 treated mice and control mice after 48 days of treatment with RAD001 or placebo (*p<0.05: RAD001 treated group versus control group).

Figure S3. Histograms of the western blot analyses between primary cell lines and RAD001 resistant cell lines. The expression of molecular markers was compared between the RAD001 resistant cell lines kept in 400nM RAD001 and the parental untreated cell lines.

Figure S4. The mice weight at the beginning of the treatment. There was no significant difference of the mice weight between the control group and RAD001 treated group in both the first experiment and the second experiment.
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Tumor microenvironment is a network of complex cellular and molecular systems where cells will gain specific phenotypes and specific functions that would drive tumorigenesis. In skin cancers, tumor microenvironment is characterized by tumor infiltrating immune cells that sustain immune suppression, mainly lymphocytes. Melanoma cellular heterogeneity can be described on genetic, proteomic, transcriptomic and metabolomic levels. Melanoma cells display a metabolic reprogramming triggered by both genetic alterations and adaptation to a microenvironment that lacks nutrients and oxygen supply. Tumor cells present clear metabolic adaptations and identifying deregulated glycolysis pathway could offer new therapy targets. Moreover, the immune cells (T lymphocytes, macrophages, NK cells, neutrophils and so on) that infiltrate melanoma tumors have metabolic particularities that, upon interaction within tumor microenvironment, would favor tumorigenesis. Analyzing both tumor cell metabolism and the metabolic outline of immune cells can offer innovative insights in new therapy targets and cancer therapeutical approaches. In addition to already approved immune- and targeted therapy in melanoma, approaching metabolic check-points could improve therapy efficacy and hinder resistance to therapy.
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INTRODUCTION

Metabolic requirements change when cells enter the proliferation process this is due to the fact that cell metabolism needs to sustain a different cellular stage. Accordingly, cancer cell needs to fulfill an increased biosynthesis rate because all cancer cells are characterized by a deregulated cell proliferation. Therefore, cancer cells have to direct available nutrients toward biosynthetic pathways maintaining ATP levels for a proper homeostasis. A drug targeting metabolic pathways could be common for many types of solid tumors (1). Nevertheless, normal cells when proliferate have the same metabolic needs to cancer cells, this raises the issue of targeting a metabolic pathways that can be common to normal and cancer cells, therefore finding the therapeutic window for an anticancer cell metabolism is still a matter of intense study.

Tumor consists of heterogeneous cellular populations and is subjected to various stimuli that would favor tumor development. These factors can be of neuroendocrine origin (2), UV irradiation (3), inflammatory conditions (4) or even, the still in debate, presence of Human papilloma viruses (HPV). HPV, a DNA virus, is strongly related to various non-melanoma cancers where 'high-risk' mucosal HPV consist mainly of 16, 18, 31, 33, and 35 types (5). The involvement of HPV in melanoma tumorigenesis has very few reports, in principle contradictory and mainly done on mucosal melanomas. So, there are groups that report the presence while other the lack of HPV infection. Thus, in mucosal melanomas HPV16 strain was found predominant while in skin melanoma HPV22 prevailed, the authors pointing out that HPV strains can be detected in some melanoma sub-groups (6). Similar results have shown that mucosal high-risk HPV genotypes are present in a quarter of precursor lesions acquired dysplastic melanocytic naevi and over a quarter in primary melanomas (7), or other HPV strains in melanomas (8). Other groups reported the lack of identifying the HPV in melanomas. Therefore, in primary malignant melanomas of non-sun exposed sites the lack of HPV detection was reported (9) as the same lack of HPV was reported in perineal melanomas (10).

The role of HPV infection in melanomagenesis is still a matter of debate and definitely needs further clinical and experimental investigations.

Due to this cellular heterogeneity the overall metabolic pattern of a solid tumor is per se heterogeneous starting from its genetic traits and ending with the variable microenvironment conditions where the tumor is developing. A series of drugs that target metabolism pathways has shown clear clinical benefits in trials (11). For example, L-asparaginase targeting aminoacid metabolism was already approved in acute lymphocytic leukemia; metformin alone or in combination for stage III-IV head and neck squamous cell cancer is in the clinical evaluation trials (12).

Intense preclinical studies performed on cell lines, primary tumor cells and in vivo models have shown that metabolic enzymes can be depicted as cancer therapy targets. Current concentrated studies efforts gather to understand tumor cell metabolism and all the factors that are conjoining to tumor's overall biological behavior. There is a common flow of events in tumorigenesis, and the most commonly accepted stages are the genetic events that activate signaling pathways for various deregulated cellular functions, including metabolic pathways. The fact that at molecular level deregulated cell's functions in tumorigenesis are linked with deregulated metabolic functions has open new therapeutic doors in cancer (13).

Another important point to be taken into account when investigating tumor cell metabolism is the fact that cancerous cells are in intimate contact with non-tumor cells, with various microenvironment structures and molecules (14) that will lead to the overall metabolic out-line of a tumor. Out of all non-tumor cells, immune cells that infiltrate the tumor are one of the most important cellular populations. In solid tumors, including melanoma and non-melanoma tumors, the tumor microenvironment (TME) is in the 5.7–7.0 pH range, therefore within the tumors, immune cells that infiltrate them will be subjected to this acidosis. Actually, innate and adaptive immune cells are regulated by acidic pH that is found generally in inflammation. Therefore, when immune cells infiltrate the tumor, they will be subjected to this acidic—inflammatory milieu. When immune cells are subjected to this acidic—inflammatory milieu they will trigger a series of events. Neutrophils will trigger anti-apoptosis events and differentiation process toward pro-angiogenic cellular patterns. Monocytes and macrophages will have their inflammasome activated inducing IL-1β synthesis. Conventional dendritic cells (cDC) will turn into a mature phenotype. All these cellular profiles indicate that innate immune cells recognize low pH as a danger-associated molecular pattern (DAMP). Adaptive immune cells will be as well-altered by low pH. T lymphocytes, with cytotoxic function will be repressed by low pH and IFN-γ production performed by T helper 1 (Th1) cells will be hindered. The mere raise in pH in the tumor microenvironment can reverse T lymphocyte anergy and enhance the antitumor immune response triggered by checkpoint inhibitors (15).

Therefore, in the attempt to review the metabolic profile of cutaneous melanoma, besides the actual metabolic profile of the tumor cell per se, immune cells that comprise the tumor microenvironment should be considered from the metabolic pathways point of view.



TUMOR CELL METABOLISM IN MELANOMA

As already mentioned, the intense proliferation of a cancer cell can be sustained only partially by aerobic glycolysis, pathway that fuel macromolecules biosynthesis (16). In melanoma cells, in normal oxygen conditions, high glycolysis rate is encountered; 60–80% of the total glucose uptake is converted to lactate while in hypoxic conditions more than 90% will be converted in lactate (17). As generally recognized, oxygen accessibility is regulating metabolic outline of all cells. When the oxygen is low, hypoxia inducible factors (HIFs) will trigger molecular pathway that would adapt the cell to hypoxic stress (18). When HIF1 accumulates, the glycolytic rates increases, mitochondrial respiration decreases, while up-regulation of genes that enhance glucose uptake takes place. Transformed cells, like melanoma cells, have a constitutive HIF1 activation in both normoxia and hypoxia status (19). The increased glucose up-take in melanoma is sustained by the increased expression of transporter protein GLUT1 (SLC2A1) (20). The increased aerobic glycolysis augment lactate production mediated by lactate dehydrogenase A (LDHA) (21) one isoform converting lactate from pyruvate (22) while the gene encoding for LDHA is target for HIF1α. In the hypoxia status of tumor cells, glucose entering TCA cycle (tricarboxilic acid cycle) decreases and glutamine becomes the main carbon source (23).

Epigenetic metabolic studies in melanoma have shown that 5-hydroxymethylcytosine loss is linked with TET 5-methlycytosine hydroxylases family inhibition, this epigenetic deregulation is probably due to IDH2 (isocitrate dehydrogenase) down-regulation. Around 10% of melanoma tumor tissues have a mutant IDH1 or 2 (24). Melanoma cells harbor an amplified gene that encodes phosphoglycerate dehydrogenase (PHGDH), the first enzyme in the serine biosynthetic pathway and moreover one of the few acknowledged metabolic oncogenes (25). When PHGDH gene was silenced in cells, serine biosynthesis decreased, and tumor cells reduced their proliferation (26). If melanoma cell cultures are supplemented with exogenous serine, cellular proliferation continues to stay reduced in PHGDH silenced cells. Therefore, the mechanisms are linked with other pathways, such as cytosolic redox balance, amino acid transamination and probably many more still to be discovered. For example, serine leads to the formation of 5, 10-methylene-tetrahydrofolate, contributing to purine and pyrimidine biosynthesis, while glycine is essential for glutathione biosynthesis. Melanoma cells can redirect glucose toward serine and glycerol-3-phosphate pathways by enhancing phosphoenol pyruvate carboxykinase expression that is a cytosolic gluconeogenic enzyme. This process favors tumor cell proliferation, increasing glucose uptake and hence lactate production. If inducing in melanoma cells the silencing of phosphoenolpyruvate carboxykinase, tumorigenesis is reduced both in in vitro and in vivo models (27). Guanosine monophosphate reductase is involved in de novo purine biosynthesis and if the expression of guanosine monophosphate reductase is reduced, melanoma aggressiveness is enhanced. Decreasing intracellular GTP pools can limit melanoma cell's invasiveness as it was confirmed in invasive melanomas that guanosine monophosphate reductase is down-regulated (28).

Although new immune therapies have been approved for cutaneous melanoma (29, 30) the lack / poor clinical responses sustain the necessity to add new targets, such as altered metabolic enzymes / pathways that can aid or even can personalize therapy in melanoma.

In melanoma cells, as stated above, cytosolic serine pathway is upregulated. Inhibition of this metabolic pathway in other cancers (31) can be also extended to melanoma. Thus, if inhibiting serine biosynthetic pathway, oxidative stress can be induced in tumor cells. Higher ROS (reactive oxygen species) generation, reduces invasiveness because RHOA/GTP activity is decreased. Hypoxia drives glutamine pathways for fatty acid biosynthesis. Down-regulation of glycolysis upregulates oxidative phosphorylation to reinstate ATP levels needed for proliferation. Therefore, if BRAF (v-Raf murine sarcoma viral oncogene homolog B1) inhibitors can be combined with mitochondrial function inhibitors melanoma cell proliferation can be blocked at both levels. For example, introducing biguanides (metformin or phenformin) or glutaminase inhibitor BPTES the resistance to BRAF inhibitors will be clinically delayed (32).

Melanoma cells have a metabolic outline that gives the tumor cell advantages in an acidic—hypoxic milieu. However, a tumor complex architecture consists also of non-tumor cells, the main population being tumor infiltrating immune cells (TILs).



IMMUNE CELL INFILTRATING MELANOMA TUMORS AND METABOLIC TRAITS

In developing melanomas, the immune cells that are the key anti-tumoral effectors would be summoned to the tumor site through a concert of molecules (33) and all these immune cells will have an important metabolic role (34). For example, in various cancers has been demonstrated that aldehyde dehydrogenase 7 family, member A1 (ALDH7A1) and lipase C, hepatic type (LIPC) expression is associated with negative and positive prognostic potency, respectively. In melanoma it was shown that the level of metabolic enzyme ALDH7A1 is correlated with low infiltrating immune cells. The metabolism of tumor cells impacts immune cells, microenvironmental inflammatory processes proving that “oncometabolism and immunometabolism” intersect (35).

When tumors have low immune cell infiltrates, more specifically low CD8+ CTLs the tumor can be resistant to therapy. In contrast tumors, with increased immune cell infiltrate, immunologically “hot” tumors, have an increased susceptibility to immune therapies (36). Immune cells and tumor cells within TME will race for resources, including glucose and amino acids, nutrients that sustain similar metabolic requirements (37). Moreover, due to their high metabolic rate, tumor cells will create a highly acidic, hypoxic, and rich in immunosuppressive metabolites TME, challenging the anti-tumoral action of immune cells. Therefore, immunotherapies that combine metabolic approaches that would favor immune cell infiltration, activate effector processes and enhance the life span of antitumor T cells would have increased clinical efficacy (38).

Main anti-tumoral effector immune cells, like cytotoxic T lymphocytes, NK cells, have metabolic outlines during their immune activity within TME.


Cytotoxic T Cells Metabolism

Activation of T cells by T cell receptor (TCR) triggers also important metabolic changes. Un-stimulated T cells consume low levels of glucose and the metabolic energy is furnished by mitochondrial oxidative phosphorylation (OXPHOS). When T cells are activated and their functions demand there is a raise in the nutrient uptake, cells metabolism relying on aerobic glycolysis, glutaminolysis and lipid synthesis. Aerobic glycolysis enables T cells to use glucose to stimulate the pentose phosphate pathway (PPP). PPP produces NADPH, a molecule that is rate-limiting for the biosynthesis of amino acids, nucleic acids and fatty acids (37, 39, 40).

Tumor cells have an alike glycolytic metabolic pattern with activated T cells. TME will have a low concentration of nutrients, glucose, lipids and amino acids, thus lymphocytes will be suppressed by a lack of energetic molecules (41–43). T lymphocytes and other immune cells are inhibited by lactate or kynurenine, molecules secreted by tumor cells and additionally are subjected to low oxygen levels (41). In effector T cells, immune therapy with immune checkpoint blockade turns back the cell's metabolism to glycolysis (44, 45). PD-1 signals increase fatty acid oxidation (FAO), a pathway necessary for long-term survival of chronically activated T cells (44, 46).

Glycolytic metabolism is characteristic for active and efficient T lymphocyte, but in TME there are low levels of glucose (42, 43). Besides glucose deprivation, TILs have reduced enolase-1 activity, and this deficit can be overridden if downstream pyruvate can be supplied (47). Moreover, phosphoenolpyruvate (PEP), generated by enolase-1, has metabolically antitumor functions, it regulates the cytoplasmic Ca2+ and NFAT1 activation in T cells. When enhancing the expression of gluconeogenesis enzyme PEP carboxykinase 1, the intracellular PEP concentration leads to CD4+ or CD8+ T cells antitumor responses (43, 48). Glycolysis sustains in T cells cytokine production, cytolytic proteins and non-durable anti-tumor immune responses. Adoptive cell transfer (ACT) with memory T cells would sustain long-term antitumor responses (49). Therefore, in metabolic studies on memory immune cells approaches have focused on decreasing glycolysis in order to drive T cells toward the memory phenotype. Indeed, the glycolysis inhibitor 2-deoxyglucose differentiated T cells toward long-lived memory cells and enhanced the antitumor function. Therefore, memory T cells display low glycolytic metabolism and augmented OXPHOS characterizing a cell with medium cytotoxic function, self-renewal capacity and long lived cell (50). In melanoma, when ACT using melanoma-specific pmel T cells pretreated with the serine/threonine Pim kinases inhibitor (e.g., AZD1208) was applied an improved anti-tumoral response was obtained. In mouse melanoma model it was shown that when combining AZD1208 and PD-1 blockade, T cell ACT had an increased anti-tumoral effect (51).

Intra-tumoral Tregs are metabolically dependent on glycolytic pathway and recently it was demonstrated that TLR8 ligation would inhibit glucose uptake and glycolytic pathways (52). Furthermore, enhanced tumor glycolysis would lead to low therapeutic responses to ACT (53). Modulating in vivo glycolytic metabolism is a complex endeavor because targeting tumor cell metabolism would also impede TILs action.

One scope of an immune response is to develop memory cells, aim that is important in oncology where one would need the immune surveillance of metastasis. Memory T cells with anti-tumoral activity have metabolic particularities. When CD28 is co-stimulated in T cell priming, memory cell appears, and FAO pathways are enhanced, and morphological mitochondrial remodeling takes place. When CD28 co-stimulation does not take place, an active anti-tumoral response rapidly appears after ACT without generation of memory T cells for a durable response (54, 55). Inside TME, exhausted TILs are reported as being endowed with low or absent CD28 expression. In melanoma a costimulatory TNF receptor family member 4-1BB was found elevated on TILs with CD8+PD-1+Tim3+LAG3+ phenotype. In mouse melanoma 4-1BB co-stimulation increased mitochondrial function in CD8+ T cells and enhanced the efficacy of anti-check-point inhibitor (PD-1) therapy and T cell ACT (56).

Studies performed on other types of cancer (57, 58) show that targeting ROS has additional in antitumor effects. Targeting tumor cell mitochondrial metabolism in melanoma would enhance immunotherapies effect (59). Therefore, melanoma cell lines characterized by dysregulated oxidative metabolism triggered intratumoral hypoxia in mice while knockdown of mitochondrial complex 1 subunit Ndufs4 inverted the effect (59).

Briefly, anti-PD-1 therapy induces CD8+ T cell infiltration in melanoma tumors and tumor cell-intrinsic oxidative activity, while non-glycolytic tumor metabolism hinders anti-PD-1 efficacy.

An outline of the metabolic traits of T cells upon differentiation in activated states is depicted in Figure 1.
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FIGURE 1. Metabolic traits of T cells upon differentiation in activated states. Naïve T cells are characterized by low levels of glucose uptake and cellular energetics is sustained by mitochondrial oxidative phosphorylation (OXPHOS). When cells are activated into effector CD8+ T lymphocytes, mTOR signaling is activated and cells switch to aerobic glycolysis characterizing a short lived cell with high cytotoxic function. When cells are activated into memory cell low glycolytic metabolism and augmented OXPHOS characterizing a cell with medium cytotoxic function, self-renewal capacity and long-lived cell.




NK Cells Metabolism

NK cells are involved in melanoma anti-tumoral response and their role is lately acknowledged as steadily increasing in melanoma (60). NK cells use glucose and upon activation they will up-regulate GLUT1 receptor increasing thus the fuel uptake. Activated NK would consequently increase the expression of transferrin receptor (CD71), receptors for large neutral amino acids (SLC7a5), glutamine (SLC1A5) and for free fatty acid (CD36). Glucose can be subjected in NK cells to two pathways, one leading to pyruvate and further to lactate that is accumulated in the cytosol; the second pathways is the conversion of pyruvate to acetyl-Co-A for uptake into the mitochondria. Acetyl-Co-A from the cytosol can enter lipid synthesis and many other acetylation reactions. The oxaloacetate (OAA) that is generated can further generate malate, re-entering the mitochondria, in the cycle Citrate Malate Shuttle (CMS). This cycle provides reducing equivalents for electron transport chain in OXPHOS (61). In the transition to effector cells NK nutrients uptake is increased (62) glycolysis and OXPHOS is increased in licensed NK cells in comparison to unlicensed NK that depend only on OXPHOS (63). Actually, licensed NK cells can be activated by MHC-I molecules to become functional (64).



Dendritic Cells Metabolism

Dendritic cells (DC) are seminally involved in the anti-tumoral immune responses, but as in the other TILs, TME would hinder active DC function and dampen their anti-tumoral immune responses. DCs switch from immature (tolerogenic state) to the mature phenotype that would gain immunostimulatory activity upon sensing PAMPs and/or DAMPS via PRRs. The molecular flow of recognition is essential as further DCs activate through MHC-restriction effector lymphocytes CD8+ or CD4+ T cells. This activation takes place by the specific membrane complex of antigen-loaded MHC class I or II molecules, expressed on the DCs (65).

There are distinct DCs with specific metabolic requirements. Bone-marrow-derived DCs (BMDCs) in immature/resting state have fatty acid oxidation (FAO) as the basal pathway and OXPHOS in the mitochondrial electron transport chain (ETC) that supply the cells energetic necessities (66). In their resting state their functionality is low and would not activate T cells (67), but if PRR are activated, BMDCs rapidly switches to a pro-inflammatory state. This state is characterized by an increased expression of MHC molecules, cytokines and the costimulatory ligands (CD80 and CD86), so that antigen presentation would activate T cell mediated immune responses. Immediately upon activation, BMDCs would induce glycolysis pathways, this process being dependent on hexokinase II activation (68, 69). Stimulation via TLR2, TLR6, TLR9, Dectin-1 and Dectin-2, would reprogram as well DCs toward glycolytic pathways (70, 71). cDC in the early activation state will rely upon glycolytic metabolism from pre-stored glycogen. Glycolysis, TCA cycle and pentose phosphate pathway activation would ensure increased secretion of pro-inflammatory cytokines and T cell stimulatory molecules expression. After PRR activation, BMDCs would increase glucose transporter GLUT1 expression and increase glycolysis through the mTOR-HIF-1α/iNOS axis, inhibiting the electron transport chain. Upon these events, expression of MHC and co-stimulatory molecules would be decreased. In cDC, autocrine type-I IFN signaling would enhance HIF-1α-mediated glycolytic rewiring for further CD8+ T cell activation. There are still unknown mechanisms like the drivers for Mst1/2 activation and if cDCs use pyruvate for mitochondrial respiration (72).

An outline of the metabolic traits of NK and dendritic cells upon activation is depicted in Figure 2.
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FIGURE 2. Metabolic traits of NK cells and dendritic cells upon differentiation in activated states. (A) NK cells in the resting state have low levels of glucose uptake and OXPHOS metabolism and upon activation there is an increased expression of Glut1R increasing thus the fuel uptake, would increase the expression of transferrin receptor (CD71), receptors for large neutral amino acids (SLC7a5), glutamine (SLC1A5) and for free fatty acid (CD36); all these changes sustain a high cytotoxic activity; (B) Dendritic cells in the resting state rely on pre-stored glycogen, use glycolysis, TCA cycle, when differentiating upon activation in Bone-marrow-derived DCs (BMDCs) increased expression of Glut1R mTOR-HIF-1alpha/NOS leads to aerobic glycolysis that will increase expression of MHC molecules, cytokines and the costimulatory ligands (CD80 and CD86); classical dendritic cells (cDC) would use the autocrine IFN activation to enhance HIF-1α-mediated glycolytic metabolism that would sustain CD8+ T cell activation.




Other Innate Immune Cells Infiltrating Tumors

Neutrophil effector functions are induced by PAMPs, DAMPs and several inflammatory cytokines. Their classical functions consist in phagocytosis and ROS generation. However, when the microenvironmental pH is lowered and hyperthermia installs anti-apoptotic processes are induced and other functions emerge, like a low phagocytosis, low ROS production, high expression of β2 integrins (CD11b/CD18), suppressive effects upon T cell responses and increased production of pro-angiogenic molecules (IL-8, VEGF, MMP-9) (73). Tumor acidosis would induce also in innate immune cells, like neutrophils, phenotypes that are similar with tumor-associated neutrophils (TANs), as described in various infiltrated tumors (74) and the existence of TANs is associated with a poor clinical prognosis in other cancers (75). TANs, influenced by the overall metabolic outline of the tumor would fav our pro-tumoral processes, metastasis, suppression of T cell effectors and neoangiogenesis (73, 74). Recent work of Holl et al. has shown that PDL1 expression on neutrophils in melanoma patients went up to almost 50% suggesting that PDL1+ neutrophils can have an immunosuppressive function (76).

Infiltrating immune cells sustain a major metabolic trait of melanoma being subjected to TME nutrients and oxygen restrictions that is similar to an inflammatory milieu.




THERAPY RELATED METABOLIC OUT LINE IN MELANOMA

As stated in previous sections, the metabolic outline of cancer cells is represented by a metabolic reprogramming switching from oxidative phosphorylation to glycolysis. This switch favors cancer cell adaptation to a nutrient-poor microenvironment, favoring hence an aggressive cancer type. The possible therapeutic action on metabolic nodes was investigated for the already approved therapies in melanoma, namely upon targeted therapy (e.g., BRAF inhibitors) and on check-point inhibitors (anti—cytotoxic T-lymphocyte-associated protein-4—CTLA-4 and anti-programmed cell death-1 -PD-1 monoclonal antibodies) (see Table 1).


Table 1. Summarizes main metabolic points/pathways that can aid targeted/immune-therapy in melanoma and emphasizes that data obtained in in vitro and in vivo models prove that tumor's oxidative metabolism can be a future target to improve immunotherapeutic outcome for patients.
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Targeted Therapy in Melanoma and Metabolic Pathways

BRAF targeted therapy resistance phenomenon appears early during therapy and influences patient's clinical outcome. The topic of therapy resistance in melanoma is still a matter of intense study. Several years ago, it was shown that there is an association between BRAF inhibitors and glycolitic pathways. A recent study has shown more specific in melanoma cell lines presenting BRAF mutation that their metabolic profiles influences the resistance to a BRAF inhibitor, Vemurafenib. Hence, clones of resistant cells are dependent on inflammatory lipid and EGFR signaling or have increased anaplerotic mitochondrial metabolism (77). In BRAF-mutant melanoma cells inhibition of BRAF induces concomitant glucose uptake reduction. Additionally, in melanoma cells various transcription factors regulate in parallel BRAF and glycolysis pathway. These transcription factors (e.g., HIF-1a, MYC, MLXIP) regulate glycolysis downstream of BRAFV600, and if concomitant inhibition is done, apoptosis is induced in cells that otherwise are resistant to BRAF inhibitor alone. This was the first proof-of-concept study that showed the therapeutic possibility to combine BRAF inhibitors with glycolysis inhibitor (78). The persistence of transcription factor HIF-1a at nuclear level in metastatic melanoma has opened other therapeutic possibility. If HIF-1a pathway can be blocked, glycolysis would decrease, and mitochondrial respiration could be enhanced through pyruvate dehydrogenase kinase-3 (PDK3) reduction. If PDK3 activity is inhibited (e.g., using dichloroacetate or specific siRNA) several molecular events tend to normalize. The study of Kluza et al. showed the preclinical validation that HIF-1/PDK3 bioenergetic route can be a new target for therapy in metastatic melanoma and can be used in patients that achieve BRAF-therapy resistance (79); further drugs aiming these targets (e.g., dichloroacetate, elesclomol) entered clinical trials (80).

There was reported a crosstalk between the AMPK (AMP-activated protein kinase) and BRAF signaling pathways. In cellular systems with BRAF-mutated melanoma cell lines when co-treated with phenformin (diabetes drug) and BRAF inhibitor (PLX4720) a decreased cell viability was registered. Moreover, phenformin treatment delayed resistance installment to BRAF inhibitor. It was shown that both drugs inhibit mTOR signaling and induce apoptosis. Furthermore, phenformin targets melanoma cells with slow cell cycling while PLX4720 targets increased cell cycling. Tumor regression was achieved in in vivo mouse models when using both drugs. Combining an AMPK activator with BRAF inhibitor can be a good therapeutical option in melanoma (81).

Another metabolic molecular event depicted in BRAF therapy resistance is the relation of aggressiveness and the specific sensitivity to iron-dependent oxidative stress, to ferroptosis, a specific cell death type. Therefore, drugs that induce ferroptosis can also increase targeted and immune therapy efficacy. Drugs that target dedifferentiation of melanoma cells in distinct stages through iron-dependent oxidative stress would better orient patient therapy (82). Using drugs that can induce ferroptosis is limited by bioavailable compounds. In GPX4 knockout melanoma cells it was demonstrated that increased ferroptosis sensitivity can be seen when combining ferroptosis-inducing drugs with BRAF inhibition (83, 84).



Anti-Check-Point Inhibitors in Melanoma and Metabolic Pathways

Checkpoint inhibitors, anti-CTLA-4 and anti-PD-1 are approved in most of the European countries as therapies for melanoma, but still prediction markers for efficacy lack. A metabolic enzyme that is involved in the glycolytic activity of the tumor cells, LDH is the most important predictive marker for checkpoint inhibition efficacy. In fact, this enzyme reflects the acidity of TME, therefore in the metabolic therapeutical approaches this target should be followed (85). In a recently published report, it was shown that RNAi nanoparticle can neutralize tumor acidic environment and restore T cells action in the checkpoint blockade therapy. Within the study a knockdown of LDHA in tumor cells was induced, a reprogramming of pyruvate metabolism was induced, LDH was reduced and tumor pH increased. In an animal model, this proof-of-concept was verified. When tumor acidity was reduced, tumors had an increased infiltration of CD8+ T and NK cells, and reduced tumors growth. Moreover, PD-1 therapy was potentiated by this acidic TME neutralization (86). In another recent elegant study, it was shown that in patients tumors CTLs concentrate around peripheral blood vessels, especially in tumors with low TILs. In vitro, when subjected to low oxygen concentration and oxidative phosphorylation blockade it was shown that CTLs have reduced motility. This study highlights that hypoxia would limit effector immune cells migration favoring tumor cells to survive. Immunotherapy can be aided by normalizing pH and the intra-tumoral oxidative status (87).

As high LDHA expression is associated with poor prognosis (88) because acidic TME will block T cell cytokine production, hinder cytolytic function (88) and would induce NK cell apoptosis (89). In melanoma mouse model it was shown that raising tumor pH with sodium bicarbonate would slow the growth of Yumm1.1 melanoma and it enhanced anti-PD-1 or anti-CTLA-4 therapy efficacy (90).

In patients' tumors it was reported that metabolic deregulations are diverse in both degree and type. Therefore, some tumor cells have just deregulated oxidative or glycolytic metabolism, others have deregulated oxidative, but not glycolytic, metabolism that is associated to hypoxia. In single-cell melanoma models it was known that increased tumor oxygen consumption was associated with decreased T cell immune activity. In addition, melanoma cells without oxidative metabolism were responsive to anti-PD-1 therapy. Melanoma progression on PD-1 blockade is associated with an oxidative metabolism (59). The lack of T cells infiltrating the tumor resides also on the reduced expression of mitochondrial uncoupling protein 2 (UCP2) on tumor cells. It was shown that UCP2 reprograms TME inducing interferon regulatory factor 5 boosting type 1 DCs and CD8+ T cell action. Induction of UCP2 sensitizes melanomas to PD-1 therapy, alleviating primary therapy resistance (91).

In other cancers, it was shown that hypoxic non-vascularized areas that appear when tumor grow, are lacking infiltrating T cells (92) accordingly when reversing tumor hypoxia, the process of increasing T cell infiltration would aid immunotherapy. In 2018 it was shown that evofosfamide (TH-302), in an in vivo model restored normoxia, induced T cell infiltration in prostate tumors and enhanced the efficiency of PD-1/CTLA-4 checkpoint blockade (92). In a fibrosarcoma pulmonary mouse model, hyperoxia (60% O2) increased infiltration of antitumor CD8+T cells and increased CTLA-4/PD-1 efficacy (93). As in other types of cancers, this metabolic therapeutical approach can be applied as well in melanoma. Tumor hypoxia can be overridden by metformin potentiating PD-1 blockade in B16 melanoma mouse model (94). Adenosine signaling is another type of metabolic targeting that can modulate anti-check-point inhibitors therapy in melanoma. In hypoxic tumors A2A adenosine receptor (A2AR) is cross-linked it decreases the inflammatory process sustained by T lymphocytes, NK cells, DCs, and macrophages. Antagonizing A2AR a synergistic anti-tumoral effect with anti-PD-1 therapy can be induced (95).

It is known that cholesterol facilitates T cell receptor formation in CTLs, but an activation of CD8+ T cells increases acetyl-CoA acetyltransferase-1 (ACAT-1) and subsequently increases cholesterol esterification. In a melanoma animal model, an ACAT-1 inhibitor (avasimibe) was combined with immunotherapy and paclitaxel. The combination with avasimibe increased free cholesterol and abolished CD8+ T cells inhibition. The combination of avasimibe with immuno-therapy enhanced the antitumor action of CD8+ T cells (96).

Indoleamine 2,3-dioxygenase (IDO), is an enzyme that characterizes TME, this enzyme being produced by tumor cells, Tregs, stromal cells, and DCs. This enzyme turns the essential amino acid tryptophan (Trp) to kynurenine (Kyn). Low levels of Trp induces decreased mTORC1 signaling, but activation of GCN2 (stress kinase), drives cell cycle arrest and apoptosis in effector T cells (97). It was shown that high levels of IDO expression in the TME correlates with clinical outcome of the patients, increased resistance to PD-1 (98), increased resistance to CTLA-4 blockade (99) and to CD19-CAR-T cells (100). In mouse melanoma models an improved tumor control was obtained if anti-PD-L1 or anti-CTLA-4 was combined with IDO inhibitor INCB23843 (101).



New Therapies Associated With Metabolic Pathways

A metabolic enzyme that gained tremendous attention in melanoma therapy is IDO1 as phase 1–2 clinical trials were developed to use IDO1 inhibitors in combination to anti-PD1 therapy. In spite of the high optimism, ECHO-301, phase 3 trial, was halted because IDO1- enzyme inhibitor (epacadostat) combined with anti-PD1 antibody (pembrolizumab) did not prove clinical benefits for patients. The failure of significant clinical results can come from several possible explanations. It is possible that in this trial insufficient drug exposure was done, hence the lack of effective inhibition. The preclinical data that sustain this trial show that DNA damaging drugs prove higher efficacy then IDO inhibitors (102). Therefore, studies are still needed to find dose/inhibitors types that target IDO and tryptophan 2, 3-dioxygenase in order to induce an improved blockade that can be associated to an improved clinical outcome.

Newly approved in melanoma, ACT can be inefficient in most tumors due to their molecular resistance mechanisms. Acknowledging that tumor glycolysis is associated with immune resistance in melanoma it was shown that over-expression of molecules from the glycolysis pathways impair T cell killing of tumor cells, while this anti-tumor action is enhanced by glycolysis inhibition in both in vitro and in vivo models. Genes that are involved in glycolysis pathways were found over-expressed in ACT-refractory melanoma patients. In enhanced glycolytic activity, melanoma cells have reduced levels of IRF1 and CXCL10, molecules that are involved in the immunostimulatory pathways and thus an association between tumor glycolysis and ACT efficacy was reported (53).

Virotherapy in melanoma is a newly opened field in clinical management of metastatic melanoma. Recently, a novel platform was reported for viruses that can induce an immune response targeted against tumor antigens. Hence, by attaching specific peptides on a Vaccinia virus and herpes simplex virus 1 (HSV-1) viral envelope a strong T cell-specific immune response was generated directed toward tumor antigens. Moreover, using HIV viral infection tactique, peptides can be enriched with Tat N-terminal peptide or conjugated with cholesterol. In mouse melanoma models it was demonstrated that by coating the viral envelope with peptides, the number of tumor-specific CD8+ T cells was enhanced (103). In the same immunotherapy domain, oncolytic viruses, can induce both tumor cell lysis and immune priming. The principle is clear, but adverse effects are still unclear. Recently it was shown that the oncolytic Vaccinia virus remodelates TME, that is dominated by effector T cells. In this milieu, leptin was identified as a potent metabolic reprogramming factor for an effective antitumor action. In vitro it was shown that leptin metabolically reprogrammed T lymphocytes, while melanoma tumor cells that expressed leptin were more efficiently attacked by effector cells. Using these experimental results authors engineered oncolytic viruses to induce leptin expression in melanoma cells and in mouse experimental model where completely regressed tumors were achieved and T memory populations was induced. This report from 2019 brings proofs that leptin provides metabolic support for anti-tumoral immunity using oncolytic viruses therapy (104). However, the molecular mechanisms are still to be clarified. In a recent mouse model using ob/ob and db/db strains the roles of leptin and resistin in the dacarbazine (DTIC) therapy in melanoma was reported. Leptin and resistin enhance proliferation of melanoma cell lines and hinder DTIC efficacy. Upon leptin and resistin treatment using A375 melanoma cell line, fatty acid synthase (FASN) and caveolin 1 (Cav-1), respectively, were found increased. Cell lines became more resistant to DTIC via upregulation of heat shock protein 90 (Hsp90) and P-glycoprotein (P-gp). These in vitro results pinpointed the adipokines involvement in melanoma progression, and other therapy resistance explanation (105).

New therapies that explore drugs modulating metabolic deregulations are still in their infancy and information is still to be gathered from preclinical and clinical studies.




CONCLUSION

Tumor microenvironment is a network of complex cellular and molecular systems where cells will gain specific phenotypes / specific functions that would drive tumorigenesis. In skin cancers, tumor microenvironment is characterized by tumor infiltrating immune cells that sustain immune suppression, mainly regulatory T lymphocytes (106). Melanoma cellular heterogeneity is expressed on various levels, genetics (107), proteomics (108), transcriptomic (109), and metabolomic (110) and all these levels should be evaluated as closely interconnected. Besides several characteristics, melanoma cells display a metabolic reprogramming triggered by both genetic alterations and adaptation to a microenvironment that starts to lack nutrients and oxygen supply. Tumor cells have cytosolic and mitochondrial compartments that present clear metabolic adaptations to a demanding microenvironment and identifying deregulated glycolysis pathway could offer new therapy targets.

Moreover, the immune cells that infiltrate melanoma tumors have metabolic specificities that upon interaction within tumor microenvironment would favor tumorigenesis. In the last years implementing new immune therapies in melanoma has brought also an important clinical issue: resistance overcoming. Antibody-mediated blockade of immune checkpoint molecules implemented in melanoma therapy has shown that not all patients respond, that resistance is installed at one point and last, but not least immune-related adverse effects can be life threatening. Molecular mechanisms by which tumor cell becomes resistant are still to be uncovered (111, 112). Amidst these mechanisms, tumor and immune cell metabolism are gaining importance.

Analyzing both tumor cell metabolism and the metabolic outline of immune cells can offer innovative insights in new therapy targets and cancer therapeutical approaches. In addition to already approved immune- and targeted therapy in melanoma, approaching metabolic points could improve therapy efficacy and hinder resistance to therapy. In melanoma BRAF inhibition combined with drugs that target oxidative metabolism can lead to improvement in disease outcomes. In check-point inhibitors therapy targeting metabolic pathways can enhance anti-tumoral immune response and dampen therapy resistance.

Exploitation of tumor cell metabolism, tumor microenvironment and infiltrating immune cell metabolism could develop approaches that can aid current immunotherapies in melanoma.
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Metastasis, the spread of cancer cells from a primary tumor to a secondary site, represents one of the hallmarks of malignancies and the leading cause of cancer-related death. The process of metastasis is a result of the interaction of genetic heterogeneity, abnormal metabolism, and tumor microenvironments. On the other hand, metabolic reprogramming, another malignancy hallmark, refers to the ability of cancer cells to alter metabolic and nutrient acquisition modes in order to support the energy demands for accomplishing the rapid growth, dissemination, and colonization. Cancer cells remodel metabolic patterns to supplement nutrients for their metastasis and also undergo metabolic adjustments at different stages of metastasis. Genes and signaling pathways involved in tumor metabolic reprogramming crosstalk with those participating in metastasis. Non-coding RNAs are a group of RNA molecules that do not code proteins but have pivotal biological functions. Some of microRNAs and lncRNAs, which are the two most extensively studied non-coding RNAs, have been identified to participate in regulating metabolic remodeling of glucose, lipid, glutamine, oxidative phosphorylation, and mitochondrial respiration, as well as the process of metastasis involving cell motility, transit in the circulation and growth at a new site. This article reviews recent progress on non-coding RNAs operating in the crosstalk between tumor metabolic reprogramming and metastasis, particularly those influencing metastasis through regulating metabolism, and the underlying mechanisms of how they exert their regulatory functions.
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INTRODUCTION

Metastasis is one of the important cancer hallmarks (1), and a complex multistep process involving intracellular and intercellular signal transduction cascades and comprising the proliferation of primary tumor cells, endovascular intervention, the formation of pre-metastatic niches, and subsequent dissemination of cancer cells or micro-metastases into distant organs (2, 3). Metastasis contributes largely to the mortality for many major cancer types, and exploring the underlying mechanisms is of great significance for seeking effective treatments and improving the prognosis of cancer patients.

Metabolism transforms the absorbed nutrients into small molecule metabolites to sustain the stability of homeostasis, generate bioenergy and regulate cell signaling pathways and physiological activities (4). Metabolic reprogramming is a malignancy hallmark, which refers to the ability of cancer cells to adjust metabolic and nutrient acquisition modes to support their rapid growth, dissemination, and other characteristics (5). The metabolites, such as glucose, amino acids, nucleic acids, and lipids, are remodeled in tumors (Figure 1). Cancer metastasis usually accompanies metabolic reprogramming, and this metabolic change has been recognized at different stages of metastasis (6, 7). Non-coding RNAs (ncRNAs), particularly long-chain non-coding RNA (lncRNA) and microRNA (miRNA), play important roles in regulating metabolic remodeling and the metastasis of cancer cells (8–11). This article aims to discuss the recent progress of how lncRNAs and miRNAs orchestrate in the crosstalk between cancer metabolic reprogramming and metastasis, particularly those influencing metastasis through regulating metabolism-related genes and signaling pathways.


[image: Figure 1]
FIGURE 1. The biochemistry of metabolism in cancer cells. “→” indicates positive regulation or activation. Key enzymes in energy metabolism are marked as red color. G6PD, glucose 6-phosphate dehydrogenase; GLS, glutaminase; GLUT, glucose transporter; GT, glutamine transporter; HK, hexokinase; LDH, lactate dehydrogenase; MCT, Monocarboxylate transporter; PDH, pyruvate dehydrogenase; PFK, phosphofructokinase; PHGHD, D-3-phosphoglycerate dehydrogenase; PKM2, pyruvate kinase M2; TCA, tricarboxylic acid cycle.




METABOLIC REPROGRAMMING AND CANCER METASTASIS

In the 1920s, Warburg observed a special phenomenon that even in aerobic conditions, cancer cells tend to favor metabolism relying on glycolysis rather than the much more efficient oxidative phosphorylation pathway, which is the preference of most normal cells (12, 13). As a result, tumor cells have significantly increased glucose uptake and secretion of lactate, which is converted from pyruvate, the last product of glycolysis (14). This process, now known as the Warburg effect or aerobic glycolysis, marks the start of a new era for studying tumorigenesis and cancer progression in terms of metabolism. Gene mutations, deletions, and translocations have an impact on various signal pathways in cancer cells, and the main oncogenic signal pathways will finally converge to metabolism (15, 16). Metabolites by cancer cells not only supply materials for their proliferation and metastasis but also provide sustaining signals to meet their survival needs in tumor-specific microenvironments (1, 17, 18). In addition, cancer cells affect the metabolism of distant organs, where they metastasize, to facilitate their implantation and growth (19). On the other hand, metastatic cancer cells are also affected by the metabolic alterations of invaded organs and tissues (20, 21).

Tumor cells are characterized by high aerobic glycolysis and high oxidative stress (16). Studies have found that the Warburg effect inhibits anoikis and promotes tumor metastasis (22, 23). Meanwhile, aerobic glycolysis increases glucose consumption, reduces the generation of excessive reactive oxygen species (ROS), and enhances the antioxidant capacity of tumor cells, which obtain the ability to resist anoikis and metastasize (22). Despite the Warburg effect, oxidative metabolism is also a major source of adenosine triphosphate (ATP) in some tumors (24, 25). Mitochondrial oxidative metabolism produces ROS including the hydroxyl (HO−) free radicals, superoxide ([image: image]) and non-radical molecules such as hydrogen peroxide (H2O2) (26). Low or moderate levels of ROS in tumor cells can activate a series of signaling pathways, causing genomic DNA mutations and promoting tumor formation and progression; but high levels of ROS can lead to the death of neoplasm cells (27). The roles of ROS in tumor metastasis remain controversial among different studies. One study shows that antioxidants can promote tumor metastasis (28). Melanoma metastatic cells express higher levels of lactic acid transporter and absorb more lactic acid, enabling them to produce more antioxidants and survive in the blood (29). On the other hand, some studies demonstrate that antioxidants inhibit tumor metastasis, suggesting that ROS may promote the dissemination of tumor cells (30). H2O2 has also been shown to promote tumor metastasis by inhibiting anoikis of detached cancer cells (31).



ROLES OF NCRNAS IN CANCER

Although the number of ncRNAs in the human genome is unknown, recent studies suggest that thousands of ncRNAs exist in the body. At present, a dozen of abundant and functionally important types of ncRNAs have been discovered, among which miRNA and lncRNA are the two most extensively studied. Because they do not encode proteins, ncRNAs were initially considered to lack biological functions. However, it's now clear and well accepted that ncRNAs affect the development and progression of many malignancies by regulating the proliferation, apoptosis, differentiation, and metastasis of cancer cells (32) (Figure 2). Accumulating evidence also indicates a link between ncRNAs and metabolic changes in cancer (33, 34) (Table 1). NcRNAs are shown to regulate key metabolic enzymes and signaling pathways involved in metabolic reprogramming, resulting in tumorigenesis, cancer progression and metastasis (60, 61).
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FIGURE 2. The mechanisms of ncRNAs involved in cancer metastasis. EMT, epithelial-mesenchymal transition.



Table 1. NcRNAs involved in regulating tumor metabolism.
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NCRNAS IN METABOLIC REPROGRAMMING AND CANCER METASTASIS


Glucose Metabolism

Cancer cells have significantly enhanced glycolysis during the metastatic process and the glucose supply is dramatically reduced in solid tumors (12, 13). The intermediate metabolites generated in glycolysis are important synthetic materials for tumor growth (62). The acidic and hypoxic microenvironment (TME) inside solid tumors promotes invasion and immune escape (63, 64) by regulating the function and subcellular localization of cytoskeleton proteins, thus promotes the invasion and metastasis of tumor cells through protonation of critical pH-sensitive residues (65, 66). In addition, aerobic glycolysis reduces the oxidative metabolism of glucose, making cancer cells resistant to anoikis and promoting the survival of circulating tumor cells (67).

The first step in glycolysis is the phosphorylation of glucose to form glucose 6-phosphate by a family of enzymes called hexokinases (HKs), which are key glycolytic enzymes to control the rate of glucose metabolism and highly expressed HKs maintain a speedy glycolytic rate in tumor tissues, helping the metastasis of cancer cells (68). HK2 can regulate the expression of matrix metalloproteinase (MMP)-9, SRY-box transcription factor (SOX)-9 and non-processed pseudogene (NANOG) and facilitate the metastasis of ovarian cancer cells (69). Lower expression of miR-139-5p correlates with a worse prognosis of hepatocellular carcinoma (HCC) and overexpressed miR-139-5p restrains aerobic glycolysis, suppressing the metastasis of HCC cells (11). In a mechanism exploration, miR-139-5p regulates the expression of HK1 and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB) 3 by directly targeting ETS proto-oncogene 1 (ETS1), a transcription factor binding to the promoters of HK1 and PFKFB3 genes, while ETS1 silencing induces the expression of miR-139-5p via a post-transcriptional regulation mode involving Drosha (11). Knockdown of lncRNA-TUG1 induces a marked inhibition of cell migration, invasion, and glycolysis by suppressing miR-455-3p, which is transcriptionally repressed by p21 and directly targets the 3′-UTR of adenosine monophosphate-activated protein kinase subunit β2 (AMPKβ2), thus the lncRNA TUG1/miR-455-3p/AMPKβ2 axis regulates the metastasis and glycolysis of HCC cells through the regulation of HK2 (40). LncRNA PVT1 is upregulated in gallbladder cancer (GBC) tissues and negatively associated with the overall survival of patients. Knockdown of lncRNA PVT1 inhibits the metastasis of GBC cells by regulating aerobic glucose metabolism via modulating HK2 expression by competitively binding to endogenous miR-143 as a competing endogenous RNA (ceRNA) (41).

Pyruvate kinase M2 (PKM2) is an alternatively spliced variant of pyruvate kinase that is preferentially expressed during embryonic development and in many types of cancer cells. PKM2 alters the final rate-limiting step of glycolysis, resulting in a cancer-specific Warburg effect, thus determining the efficiency of glucose utilization and the production of lactic acid (70). The direct interaction of PKM2 in the nucleus with TGF (transforming growth factor)-β-induced factor homeobox 2 (TGIF2), leading to the recruitment of histone deacetylase 3 to the E-cadherin promoter sequence, with subsequent deacetylation of histone H3 and suppression of E-cadherin transcription, thus promoting the process of epithelial-mesenchymal transition (EMT) in colon cancer cells (71). MiR-let-7a inhibits the migration of cervical cancer cells through downregulating PKM2 (72). Breast cancer cells secret miR-122-carrying vesicles into circulation to facilitate their metastasis by increasing nutrient availability in pre-metastatic niches in distant organs including brains and lungs. Mechanistically, the cancer-cell-derived miR-122 suppresses glucose uptake by niche cells via downregulating the glycolytic enzyme pyruvate kinase (19). LncRNA FEZF1-AS1 is one of the most highly expressed lncRNAs in colorectal cancer (CRC) and exerts a promoting function on the metastasis of CRC cells. FEZF1-AS1 binds to and stabilizes the PKM2 protein, thereby activating the STAT3 (signal transducer and activator of transcription 3) signaling pathway and increasing aerobic glycolysis (42).

Glucose transporter (GLUT) is a transmembrane glycoprotein distributed on the cell membrane and mainly carry out transmembrane transport of glucose, thus represents a key factor for cancer cells to take up glucose. High expression of GLUT1 promotes the transport and absorption of glucose, providing abundant materials for glycolysis, thereby enhancing the metastasis of cancer cells (73). GLUT1 gene expression is associated with the invasiveness and MMP-2 activity in pancreatic cancer (74). MiRNAs mediate fine-tuning of genes including GLUTs involved in cancer metabolism to support the biosynthetic and energy requirements for the metastasis of cancer cells (75). MiR-122 secreted by breast cancer cells restricts the expression of GLUT1 in non-cancerous brain astrocytes and lung fibroblasts, allowing cancer cells to obtain sufficient glucose supply during the processes of lung and brain metastases (19). LncRNA lnc-p23154 is shown to be associated with the metastasis of oral squamous cell carcinoma (OSCC) and promotes OSCC cell migration and invasion by suppressing the expression of GLUT1 via its negative effects on miR-378a-3p, which has an inhibitory effect on the expression of GLUT1 (43).

Lactate dehydrogenase A (LDHA) is another important rate-limiting enzyme in glucose metabolism by catalyzing the interconversion of pyruvate and lactate. The phosphorylation of LDHA at Y10 is positively correlated with the progression of metastatic breast cancer (76). LDHA can promote the process of EMT by activating EMT-related proteins and facilitate the metastasis of lung adenocarcinoma (77). In breast cancer cells, miR-30a-5p suppresses LDHA expression by directly targeting its 3′-UTR, thus inhibits glycolysis by decreasing glucose uptake, lactate production, ATP generation, and extracellular acidification rate, and increasing oxygen consumption. As a result, glycolysis regulated by miR-30a-5p plays a critical role in the metastasis of breast cancer cells (38). Lnc-IGFBP4-1 promotes the metastasis of lung cancer cells through a possible mechanism of metabolic reprogramming by enhancing the expression of LDH and ATP production (44).

In addition to the above glycolytic enzymes, other kinases in glycolysis are also regulated by ncRNAs. The high level of glucose uptake and aerobic glycolysis stimulates the hexosamine biosynthetic flux, leading to an increased level of UDP-β-DN-acetylglucosamine (UDP-GlcNAc), which is the final product of hexosamine biosynthesis (78, 79) and catalyzed by O-GlcNAcylation transferase (OGT) (80). OGT is post-transcriptionally inhibited by miRNA-101 and upregulated OGT increases O-GlcNAcylation level and promotes the metastasis of CRC cells (81). MiR-551a and miR-483 suppress hepatic colonization and metastasis of CRC cells by convergently dysregulating creatine kinase brain-type (CKB), which is released into the extracellular microenvironments by hypoxic metastatic cells and catalyzes the production of phosphocreatine that helps to generate ATP and fuel metastatic cells (21). In ovarian cancer, the chemokine CXCL14 (C-X-C motif ligand 14)-high expressed cancer-associated fibroblasts mediate the upregulation of lncRNA LINC00092, which downregulates PFKFB2 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2), a glycolytic enzyme involved in synthesis and degradation of fructose-2,6-bisphosphate, thereby promoting metastasis by altering glycolysis (47). MiR-361-5p inhibits the glycolysis and invasion of breast cancer cells by respectively targeting MMP-1 and fibroblast growth factor receptor 1 (FGFR1), which is a promoter of glycolytic enzyme and a suppresser of OXPHOS (oxidative phosphorylation) (39).



Mitochondrial Respiration and Oxidative Phosphorylation

Tumor cells employ glycolysis as the main energy supply method even in oxygen-rich environments due to their impaired mitochondrial function, along with the reductive carboxylation of glutamine to malate (12). Hypoxia and reduced mitochondrial capacity promote cancer cell dependence on glycolysis for ATP production that is supported by cytosolic reductive metabolism, while preventing this metabolic adaptation can increase the accumulation of ROS and a reduction of metastatic capacity of cancer cells (82). In addition, the metabolic interaction between cancer cell mitochondrial respiration and catabolism in carcinoma-associated fibroblasts enhances the growth and metastasis of cancer cells (83). The expression of miR-485 is downregulated in breast cancer tissues and the overexpression of its both mature forms, miR-485-3p and miR-485-5p, restrains mitochondrial respiration and suppresses the metastasis of breast cancer cells by downregulating peroxisome proliferator-activated receptor-gamma coactivator (PGC)−1α (84).

It is well known that OXPHOS produces more ATP than glycolysis under the same condition (13). Studies used to suggest that OXPHOS plays a minor role in the energy metabolism of tumor cells due to their deficient mitochondrial functions. However, a study shows that 80% of the energy generated by MCF-7 breast cancer cells in vitro is derived from mitochondrial OXPHOS and only 20% from glycolysis (25). Another study also finds that genes involved in OXPHOS are significantly upregulated in breast, leukemia, lung, lymphoma and ovarian cancers (85). Therefore, tumor cells may use aerobic glycolysis for energy and glycolytic metabolites are transferred into anabolic pathways to support malignancy, but this process may be suspended during cancer cell metastasis. In support, it is shown that aggressive cancer cells favor OXPHOS for energy supply (86). Although the dispute exists, it seems that OXPHOS is also an important metabolic pattern of tumor cells (87).

It is unclear how primary and metastatic tumors select different metabolic pathways, glycolysis or OXPHOS, for their energy supply. However, it is acceptable that glycolysis is more remarkable in aggressive and fast-growing tumors, and different types of cancer may have different metabolism pathways. A subset of glioma cells relies on glycolysis while the others in the same tumor depend on OXPHOS for energy supply, indicating a characteristic of metabolic heterogeneity (88). A genetic analysis shows that breast cancer cells utilizing glycolysis as the main energy metabolic method prefer to metastasize to the liver, but cells adopting OXPHOS as the principal metabolic pathway are more likely to metastasize to bone and lungs, and pyruvate dehydrogenase kinase-1 (PDK1) is required for liver metastasis (89). Despite metabolic heterogeneity that exists in the same tumor and metabolic types affect the organs where tumor cells metastasize, little information is available regarding the influence of ncRNAs on OXPHOS. A study suggests that miR-155 and miR-210 derived from melanoma exosomes promote glycolysis and inhibit OXPHOS in tumor cells and contribute to the creation of a pre-metastatic niche (90).



Lipid Metabolism

Lipid anabolism is an important indicator of abnormal tumor metabolism because lipids provide components of biofilms and regulate fluidity and lipid molecule signal transduction of cytomembranes, and thus participates in the metastasis of cancer cells (91, 92). Under metabolic stress, tumor cells strengthen the coupling of fatty acid anabolism and catabolism to establish a fatty acid circulation network to promote their growth and metastasis (93).

In a mouse model with subcutaneous osteosarcoma, the serum metabolic profiling reveals an increase of key metabolites in glycolysis and tricarboxylic acid cycle (TCA); while in mice with lung metastasis, serum metabolic profile shows a decrease of most metabolites, except for cholesterol and free fatty acids, suggesting that elevated lipid metabolism may be associated with tumor metastasis (94). Sterol regulatory element-binding transcription protein 1 (SREBP1), a candidate target of miR-18a-5p, is the master transcription factor that controls lipid metabolism; and miR-18a-5p can suppress the invasion and migration of breast cancer cells by regulating SREBP1 (48). MiR-661 is required for the efficient invasion of breast cancer cells by destabilizing StAR-related lipid transfer protein 10 and the cell-cell adhesion protein Nectin-1, leading to the downregulation of epithelial markers (49). Acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN) and 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR) are potential targets of miR-195, whose ectopic expression regulates cellular triglyceride and cholesterol levels, leading to decreased proliferation and metastasis of breast cancer cells (50). Hypoxia decreases the expression of miR-409-3p, a regulator of FABP4 (fatty acid binding protein 4), which increases the metastatic potential of ovarian cancer cells (51).

Fatty acid anabolism requires the activation of ACC, adenosine triphosphate citrate lyase (ACLY) and FASN (93), which are upregulated in aggressive tumors and associated with a poor prognosis (95, 96). ACLY participates in the de novo synthesis of fatty acids by converting citrate into oxaloacetate and cytosolic acetyl-CoA. In gastric cancer, highly expressed ACLY is closely related to advanced stages and lymph metastasis (97). ACLY regulates low molecular weight isoform of cyclin E (LMW-E), which can also enhance the enzyme activity of ACLY in a positive feedback way, promoting the formation of lipid droplets and the metastasis of breast cancer cells (98). ACLY stabilizes CTNNB1 (beta-catenin 1) protein and enhances its transcriptional activity, thus promoting the migration and invasion of colon cancer cells (99). MiR-22 restricts the metastasis of breast cancer cells by inhibiting the expression of ACLY (52). Overexpression of miR-133b in gastric cancer increases the levels of nuclear PPAR-γ, which decreases the transcriptional activity of ACLY, and then represses the invasion of cells (53). ACC is a rate-limiting enzyme for fatty acid synthesis, which catalyzes acetyl-CoA to form malonyl-CoA (100). ACC1 is highly modulated by phosphorylation and allosteric regulation and plays a key role in promoting a speedy adaptation to novel microenvironments (101). In HCC, highly expressed ACC1 is closely related to poor differentiation, vascular invasion, and poor prognosis, and has been regarded as a biomarker for early diagnosis (102). Contradictorily, ACC1 inhibition is shown to promote the metastasis of breast cancer cells (103), indicating the roles of ACC1 may be cancer type-dependent. Acyl-CoA oxidase 1 (ACOX1) is a key enzyme of the fatty acid oxidation pathway and its overexpression alleviates the migration and invasion of colorectal cancer (104). The class III deacetylase sirtuin 1 (SIRT1) prevents the trans-activation effect of activator protein (AP-1) on miR-15b-5p by deacetylation of AP-1, then upregulates the expression of ACOX1, which act as a direct target for miR-15b-5p (104).

Fatty acid catabolism also plays a role in the process of cancer metastasis. Monoacylglycerol lipase, functioning with hormone-sensitive lipase (LIPE) to hydrolyze intracellular triglyceride stores to fatty acids and glycerol, is highly expressed in prostate cancer and is related to the EMT process (105). Phospholipase D (PLD), an enzyme that hydrolyzes phosphatidylcholine to produce the signal molecule phosphatidic acid and soluble choline, promotes the metastasis of cancer cells (106). Adipocytes are the carrier of energy, sources of hormones and cytokines, and a crucial component of tumor microenvironments, and also facilitate tumor metastasis. For instance, melanoma cells have a higher level of fatty acid oxidation after they absorb fatty acid oxidase enzymes in exosomes secreted by adipose cells (107). However, the roles of ncRNAs in fatty acid catabolism and adipocytes remain to be clarified.



Glutamine Metabolism

Cancer cells have shown increased glutamine uptake and catabolism. Glutaminase (GLS) catalyzes glutamine into glutamate, which is subsequently catalyzed by glutamate dehydrogenase (GDH) to form α-ketoglutarate, finally entering the TCA as an important energy source. Although glutamine is a non-essential amino acid, it is indispensable in specific conditions and its metabolism has important biological significance for cancer cells. Glutamine can increase the expression of hypoxia-inducible factor (HIF)-1α, enhance the pro-autophagic effect of its target BNIP3 (BCL2/adenovirus E1B 19kDa interacting protein 3), and promote the metastasis of melanoma cells (108). Metabolite fumarate, an intermediate product of glutamine metabolism, reduces the level of ROS and maintains the balance of redox by activating glutathione peroxidase, and thus promoting the metastasis of cancer cells (109). C-Myc is an oncogenic transcription factor and promotes glutamine catabolism to fuel the growth of cancer cells by upregulating GLS and suppresses proline oxidase primarily through upregulating miR-23b (56). LncRNA GLS-AS regulates a feedback loop of glutaminase and c-Myc, thus being involved in the metastasis and representing a therapeutic target for the metabolic reprogramming of pancreatic cancer cells (10). MicroRNA-133a-3p targets GABARAPL1 (gamma-aminobutyric acid receptor-associated protein-like 1) to inhibit autophagy-mediated glutaminolysis, thereby inhibiting metastasis of gastric cancer (110).




NCRNAS AND METABOLIC SIGNALING PATHWAYS

As discussed above, ncRNAs participate in the metastasis-related metabolic reprogramming by regulating individual genes. In the following paragraphs, we discuss how dysregulated ncRNAs modulate the key metabolic signaling pathways to affect the metastasis of cancer cells (Figure 3).


[image: Figure 3]
FIGURE 3. NcRNAs regulate metabolic reprogramming by targeting signaling pathways. “→” indicates positive regulation or activation; “⊥”, negative regulation or blockade; dotted lines “—–”, indirect regulation. LncRNAs are marked as red color. ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; GLS, glutaminase; GLUT, glucose transporter; HK, hexokinase; IGF-1R, insulin-like growth factor-1 receptor; LDH, lactate dehydrogenase; LKB1, liver kinase B1; PFK, phosphofructokinase; PKM2, pyruvate kinase M2; PTEN, phosphatase and tensin homolog.



Hypoxia-Inducible Pathways

Hypoxic microenvironments are very frequently observed in almost all the solid tumors, have an impact on cell biological behaviors and extracellular matrix remodeling, increase metastatic capacities and contribute greatly to therapy resistance (111). Under aerobic conditions, tumor cells have a high rate of glucose-dependent metabolism (112), while in hypoxic microenvironments they have to adjust themselves to lower oxygen situations by changing the metabolic pattern, resulting in the suppression of anti-cancer immunity and high potential capacities of invasion and migration (113). HIFs are the master driving forces of the cellular adaption to hypoxia and well-known transcription factors by regulating a vast array of genes involved in angiogenesis and metastasis, and in particular, GLUTs and glycolytic enzymes including HK2, 6-phosphofructokinase, and LDHA are regulated by HIFs (111). The expression and stabilization of HIFs are controlled by mRNAs. For example, miR-365 directly targets homeobox A9 (HOXA9) by binding to 3′-UTR region, and the downregulation of HOXA9 increases the expression of HIF-1α and its downstream glycolytic genes HK2, GLUT1, and PDK1, promoting glycolysis and metastasis of cutaneous squamous cell carcinoma (114). The knockdown of miR-592 in HCC cells strengthens glycolysis by enhancing WSB1-induced HIF-1α stability and promotes HCC cell migration in vitro (115).



LKB1-AMP Activated Protein Kinase Pathway

AMPK (5′ adenosine monophosphate-activated protein kinase) is a critical sensor to maintain cellular energy homeostasis. AMPK phosphorylates ACC1 and SREBP1 to inhibit the synthesis of fatty acids, cholesterol, and triglycerides, and activate fatty acid uptake. It also stimulates glycolysis by activating phosphorylation of PFKFB3 and glycogen phosphorylase (116). Downregulating AMPK shows a promoting effect on the growth and biosynthesis of cancer cells (117), and many types of cancer cells have a shortage of AMPK to maintain their glycolytic phenotypes (16). Activating AMPK is required for an increased AMP/ATP ratio and switching the oxidative metabolic to glycolytic phenotypes (116). Liver kinase B1 (LKB1) is a tumor suppressor that locates at the upstream of AMPK and can repress ATP depletion by phosphorylating and activating AMPK when cellular ATP levels are limited (118). Under tumor microenvironments, miR-7 inhibits autophagy by upregulating the LKB1-AMPK signaling pathway, leading to a reduced intracellular glucose supply, and as a result, the proliferation and metastasis of pancreatic cancer cells are inhibited (119). MiR-451 regulates the proliferation, migration and responsiveness to glucose deprivation of glioma cells by targeting the LKB1/AMPK pathway, and depresses the LKB-1-associated protein CAB39 that promotes glioma cells adapting to metabolic stress (120). Taurine up-regulated gene 1 (TUG1) is highly expressed in HCC cells and upregulates miR-455-3p at the transcriptional level, thus the TUG1/miR-455-3p/AMPKβ2 axis promotes glycolysis and metastasis by upregulating HK2 (40). Higher expression of lncRNA MACC1-AS1 correlates with the lung metastasis of gastric cancer cells, and MACC1-AS1 is elevated under metabolic stress and facilitates metabolic plasticity by increasing MACC1 mRNA expression and strengthening glycolysis and anti-oxidative abilities via the AMPK/Lin28 pathway (121). LncRNA MACC1-AS1 is also upregulated in pancreatic cancer and related to poor prognosis, and its knockdown inhibits the metastasis of pancreatic cancer cells by upregulating the expression of PAX8 (paired-box gene 8), which plays a role in activating NOTCH1 signaling and promoting cell aerobic glycolysis (122).



PI3K/AKT/mTOR Pathway

In tumor cells, the classical PI3K/AKT/mTOR signaling pathway is often highly expressed and is involved in regulating cancer growth, proliferation, invasion, and metastasis (123, 124). Recent studies also show that PI3K/AKT/mTOR pathway also functions in tumor cell metabolisms such as glycolysis (125), lipid metabolism (126) and amino acid metabolism (127). Meanwhile, ncRNAs also participate in the regulation of cell metabolism through the PI3K/AKT/mTOR pathway, thus affecting tumor cell metastasis. MiR-204-5p expressed in breast cancer cells affects the mTOR pathway, reduces the oxygen consumption and extracellular acidification rates, and inhibits metastasis (128). Circular RNA circNRIP1 acts as ceRNA to bind to miR-149-5p, activates the AKT/mTOR signaling pathway, thus increases glucose uptake, lactate contents and ATP production, regulates the Warburg effect and promotes gastric cancer cell metastasis (129). LINC00963 promotes non-small cell lung cancer metastasis by preventing ubiquitination of glycolytic kinase PGK1 (phosphoglycerate kinase 1), which activates the AKT/mTOR pathway (130). MiR-384 regulates the expression of pleiotrophin, which can upregulate lipogenic genes, mediate de novo lipid synthesis and promote the metastasis of HCC cells via the N-syndecan/PI3K/Akt/mTOR pathway (131).




CONCLUSION AND EXPECTATION

Metastasis is a major obstacle for successful treatments of cancer and represents the leading cause of cancer-related death. Metabolic reprogramming is another hallmark of cancer because cancer cells obtain their energy supply mainly depending on glycolysis rather than mitochondrial oxidative phosphorylation through altered oncogenic metabolic pathways. The changes in metabolisms of glucose, lipid, and glutamine and mitochondrial respiration and oxidative phosphorylation involve the hypoxia-inducible, LKB1-AMP activated protein kinase and other signaling pathways in cancer cells. These metabolic alterations render cancer cells obtaining energy and metabolites for fast bioenergetics and metabolic fluxes, and being prone to metastasize to distant organs, where normal cells also undergo metabolic changes to form pre-metastatic niches for the implantation and growth of cancer cells. Many ncRNAs, particularly miRNAs and lncRNAs, have been identified as major participants in the metabolic gene regulatory networks and the multi-staged process of metastasis. Some of them either inhibit or promote cancer metastasis involving cell motility, transit in the circulation, and growth at a new site by regulating the metabolism of glycolysis, lipid, and glutamine (Figure 4).


[image: Figure 4]
FIGURE 4. NcRNAs participate in tumor metastasis by regulating metabolic reprogramming. Red and green pellets represent ncRNAs that inhibit and promote, respectively, the metastasis through regulating glycolysis, lipid metabolism or glutamine metabolism.


Despite cumulative studies showing the altered expression profiles of ncRNAs during metabolic rearrangement in cancer, their roles and molecular characteristics remain largely unexplored. Without a doubt, the dysregulation of ncRNAs influences multiple metabolic processes and plays a critical role in tumor metastasis. More ncRNAs are being identified as potential diagnostic biomarkers or therapeutic targets for cancers. For example, a meta-analysis of a large cohort of cancer patients reveals that lncRNA SNHG12 serves as a diagnostic and prognostic biomarker and a druggable therapeutic target with promising clinical potential in multiple types of cancer (132). MiR-34, miR-16, and miR-155 have been regarded as cancer therapeutic targets and are being evaluated in clinical trials (133). Furthermore, therapeutic small RNA drugs are becoming novel promising therapeutics since the first small-interfering RNA (siRNA) drug, Patisiran, which acts by binding and degrading transthyretin mRNA, was approved for the treatment of a rare polyneuropathy by FDA in 2018. However, it seems that ncRNAs are likely to play “fine-tuning” rather than “definite” roles. NcRNAs interact with each other and with other types of factors to form complicated networks, which regulate metabolic reprogramming and metastasis of cancer cells. Therefore, a deeper and more comprehensive understanding of the complicated networks of interactions that ncRNAs coordinate in the metabolic and metastatic processes may help translate the discoveries into a strategy for the diagnosis and treatment of cancer (32).

In addition, thousands of ncRNA sequences exist within cells and more types of ncRNAs have been recently discovered, such as circular RNA (circRNA), piwi-interacting RNA (piRNA), small interfering RNAs (siRNA), enhancer RNAs (eRNA) and promoter-associated RNA (PAR), which engage in cellular processes including chromatin remodeling, transcription, post-transcriptional modifications and signal transduction (134, 135). Further investigation on the new ncRNAs and their interactions with other ncRNAs and the associated networks may provide a unique opportunity to elucidate underlying mechanisms of how ncRNAs operate in the crosstalk between cancer metabolic reprogramming and metastasis.
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ACC, acetyl-CoA carboxylase; ACLY, adenosine triphosphate citrate lyase; ACOX1, Acyl-CoA oxidase 1; AMPK, AMP-activated protein kinase; AMPKβ2, adenosine monophosphate-activated protein kinase subunit β2; ATP, adenosine triphosphate; BNIP3, BCL2/adenovirus E1B 19kDa interacting protein 3; ceRNA, competing endogenous RNA; CKB, creatine kinase brain-type; CTNNB1, beta-catenin 1; CRC, colorectal cancer; EMT, epithelial-mesenchymal transition; FABP4, fatty acid binding protein 4; FASN, fatty acid synthase; FBXL3, F-box/LRR-repeat protein 3; FDA, Food and Drug Administration; PFKFB2, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2; FGFR1, fibroblast growth factor receptor 1; GABARAPL1, gamma-aminobutyric acid receptor-associated protein-like 1; GBC, gallbladder cancer; GDH, glutamate dehydrogenase; GLS, glutaminase; GLUT, glucose transporter; HCC, hepatocellular carcinoma; HIF, hypoxia-inducible factor; HK, hexokinases; HMGR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; H2O2, hydrogen peroxide; HOXA9, Homeobox A9; siRNA, small-interfering RNA; LDH, lactate dehydrogenase; LKB1, liver kinase B1; LIPE, hormone-sensitive lipase; LMW-E, low molecular weight isoform of cyclin E; lncRNA, long-chain non-coding RNA; MMP, metalloproteinase; miRNA, microRNA; ncRNA, non-coding RNA; NOTCH1, Notch homolog 1; OGT, O-GlcNAcylation transferase; OXPHOS, oxidative phosphorylation; PAX8, paired-box gene 8; PDK1, pyruvate dehydrogenase kinase 1; PFKFB, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase; PGC, peroxisome proliferator-activated receptor gamma coactivator; PGK1, phosphoglycerate kinase 1; PLD, Phospholipase D; PKM2, pyruvate kinase M2; PPAR, peroxisome proliferator activated receptor; ROS, oxygen species; SREBP1, sterol regulatory element binding transcription protein 1; TCA, tricarboxylic acid cycle; TGF-β, transforming growth factor-β; TGIF2, TGF-β-induced factor homeobox 2; TME, tumor micro-environment; UDP-GlcNAc, UDP-β-DN-acetylglucosamine; 3′-UTR, three prime untranslated region.
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Yes-Associated Protein (YAP) and Transcriptional Co-activator with PDZ-binding Motif (TAZ) are the downstream effectors of the Hippo signaling pathway that play a crucial role in various aspects of cancer progression including metastasis. Metastasis is the multistep process of disseminating cancer cells in a body and responsible for the majority of cancer-related death. Emerging evidence has shown that cancer cells reprogram their metabolism to gain proliferation, invasion, migration, and anti-apoptotic abilities and adapt to various environment during metastasis. Moreover, it has increasingly been recognized that YAP/TAZ regulates cellular metabolism that is associated with the phenotypic changes, and recent studies suggest that the YAP/TAZ-mediated metabolic alterations contribute to metastasis. In this review, we will introduce the latest knowledge of YAP/TAZ regulation and function in cancer metastasis and metabolism, and discuss possible links between the YAP/TAZ-mediated metabolic reprogramming and metastasis.
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INTRODUCTION

Metastasis is the spread of cancer cells from primary tumors to distinct organs and a major cause of cancer-related death. Therefore, targeting metastasis is expected to be an effective therapeutic strategy to improve the survival of cancer patients. Metastasis is a complex process including various distinct steps, and cancer cells need to gain diverse abilities in each step that are regulated by a variety of cellular signaling pathways (1). Thus, the understanding of regulatory mechanisms of metastasis is particularly crucial for targeting it.

During tumor development, cancer cells are exposed to dynamic changes of tumor microenvironment such as availability of nutrient and oxygen. Hence, cancer cells need to adapt their metabolism to these changes to develop tumors (2). Emerging evidence has suggested that metabolic reprogramming also plays a significant role in metastasis, during which cancer cells are exposed to different environment from primary tumors to distant metastatic sites (3).

Yes-Associated Protein (YAP) and Transcriptional Co-activator with PDZ-binding Motif (TAZ) are the transcriptional co-regulators and downstream effectors of the Hippo signaling pathway (4). Numerous studies using mouse models have demonstrated that YAP/TAZ promotes tumor development, progression, and metastasis (4). At cellular level, YAP/TAZ regulates cell cycles, migration, invasion, anchorage-independent growth, epithelial-mesenchymal transition (EMT), and stemness. Because all these functions of YAP/TAZ are crucial for various steps of metastasis, YAP/TAZ serves as a central regulator of metastasis. Besides, it has gradually been recognized that YAP/TAZ regulates cellular metabolic reprograming to adapt the various tumor microenvironment (5).

Based on the fact that YAP/TAZ has the ability to regulate both metastasis and metabolism, it is expected that YAP/TAZ functions as a central hub for metastasis by regulating both metabolic adaptation and phenotypic changes required for metastasis. Thus, in this review, we will introduce the latest knowledge of YAP/TAZ regulation and function in cancer metastasis and metabolism, and discuss possible links between the YAP/TAZ-mediated metabolic reprogramming and metastasis.



REGULATION OF YAP/TAZ

YAP/TAZ is the downstream effector of the Hippo signaling pathway, which is an evolutionally conserved kinase cascade (Figure 1) (6, 7). The key regulators of the Hippo pathway include two kinases mammalian sterile 20-like kinase 1 and 2 (MST1/2) and large tumor suppressor kinase 1 and 2 (LATS1/2) and their regulatory subunits SAV1 and MOB1, respectively (Figure 1) (6). MST1/2 forms a complex with SAV1, which phosphorylates and activates the downstream LATS1/2-MOB1 complex (6). Activated LATS1/2 phosphorylates YAP/TAZ at multiple serine/threonine residues. Upon phosphorylation, YAP/TAZ interacts with 14-3-3, resulting in its cytoplasmic sequestration (8). Alternatively, phosphorylated YAP/TAZ is ubiquitinated by E3 ligase β-TrCP and undergoes proteasome-dependent degradation (9, 10). Thus, MST1/2 and LATS1/2 are the negative regulators of YAP/TAZ. Unphosphorylated YAP/TAZ moves to the nucleus, where YAP/TAZ interacts with (TEA domain) TEAD family transcription factors and functions as a transcription co-activator (11, 12). Major YAP/TAZ target genes include molecules that are related to cell growth, proliferation, and migration such as CTGF, CYR61, MYC, AXL, BIRC5, and CCND1 (13, 14).


[image: Figure 1]
FIGURE 1. Regulation of YAP/TAZ. YAP/TAZ is primarily regulated by the canonical Hippo pathway, MST1/2-SAV1 > LATS1/2-MOB1. LATS1/2 phosphorylates YAP/TAZ and inactivate it via either 14-3-3-mediated cytoplasmic sequestration or ubiquitination and proteasome-mediated degradation. Unphosphorylated YAP/TAZ translocates to the nucleus, where it interacts with TEAD transcription factors and induces target genes. LATS1/2 is activated by TAOK, STK25, MAP4KS, and NF2, but inactivated by mechanical cues- and GPCR-RHOA-mediated F-actin and NUAK2. MST1/2 is activated by MARK4 and TAOK. YAP/TAZ is also regulated by LATS-independently. AMOT and PTPN14 interact with YAP/TAZ and sequester it in the plasma membrane. YAP/TAZ is inhibited by the β-catenin destruction complex or TIAM1 via a direct interaction. YAP/TAZ is also directly phosphorylated and regulated by AMPK, CDK1, NLK, Aurora A, and several RTKs. In addition, VGLL4 and p38 interact TEAD and inhibit YAP/TAZ activity.


Various extracellular stimuli regulate YAP/TAZ through the Hippo signaling pathway-dependent and independent mechanisms. In particular, YAP/TAZ plays a central role in cellular mechanotransduction, which is a molecular process to convert various extracellular mechanical forces to cellular responses (15). Namely, mechanical cues from surrounding extracellular matrix (ECM) and cells are converted to biochemical signals to control gene expression and protein functions, resulting in cell proliferation, survival, differentiation, and migration (16). YAP/TAZ nuclear localization and activity are regulated by various mechanical cues, and activated YAP/TAZ is required for biological function induced by mechanical cues (17–20). Increased polymerized actin (F-actin) induced by mechanical cues contributes to YAP/TAZ activation through Hippo-dependent and independent mechanism, although the detail mechanism is still uncertain (21). Moreover, various G-protein-coupled receptors (GPCR) induces F-actin through RHOA activation, resulting in LATS1/2 inactivation and subsequent YAP/TAZ activation (22).

Besides, several upstream regulators of MST/LATS have been identified. Tao kinase (TAOK) phosphorylates and activates MST1 and LATS1/2 (23), and several mitogen-activated protein kinase kinase kinase kinase (MAP4K) family members directly phosphorylate and activate LATS1/2 (24, 25). A recent study has also shown that STK25 phosphorylates LATS1/2 and contribute to the activation of LATS1/2 in response to contact inhibition and cell detachment (26). In addition, tumor suppressor Neurofibromin 2 (NF2) is a critical activator of LATS1/2 (27). Therefore, these molecules ultimately inactivate YAP/TAZ. In contrast, NUAK2 phosphorylates LATS1 and inhibits it, thereby activating YAP/TAZ (28), while MAP/microtubule affinity-regulating kinase 4 (MARK4) can phosphorylate MST2 and SAV1, resulting in the disruption of MST2/SAV1/LATS1 complex and subsequent YAP/TAZ activation (29).

In addition to LATS-mediated phosphorylation, YAP/TAZ is regulated by a variety of molecules. Angiomotin (AMOT) and protein tyrosine phosphatase non-receptor type 14 (PTPN14) directly bind to YAP to sequester YAP in the plasma membrane (30, 31). Besides, it has been shown that YAP/TAZ is found in the β-catenin destruction complex and it is released from the complex upon Wnt ligand and translocates to the nucleus (32). Moreover, multiple kinases directly phosphorylate YAP/TAZ at the various sites that are different from LATS-mediated phosphorylation sites, and activate or inactivate it. For example, in response to cellular energy stress, AMP-activated protein kinase (AMPK) phosphorylates YAP and inactivates it (33, 34). CDK1 phosphorylates YAP during the G2–M phase of the cell cycle, and the CDK1-mediated YAP phosphorylation has been implicated to be linked to mitotic defects (35). In response to osmotic stress, NLK phosphorylates YAP and inhibits the interaction between YAP and 14-3-3, thereby enhancing its nuclear localization (36). Aurora A also interacts with and phosphorylates YAP in the nucleus, and contributes to YAP transcriptional activity (37). Furthermore, PYK2 is implicated to phosphorylate TAZ at its tyrosine residues and regulate its protein stability (38). Several receptor tyrosine kinases (RTKs) including FGFR, RET, and MERTK are also shown to phosphorylate YAP/TAZ and activate it (39).

A major function of YAP/TAZ is transcriptional regulation through DNA binding protein TEAD family proteins (40, 41). Several regulatory mechanisms for the YAP/TAZ-TEAD complex have been identified. VGLL4 inhibits YAP by competing with YAP for its TEAD-binding (42). TIAM1 interacts with YAP/TAZ and impairs the YAP/TAZ-TEAD interaction (43). Moreover, osmotic stress induces the interaction between TEAD and p38 MAP kinase, resulting in TEAD translocation to the cytoplasm and YAP/TAZ inactivation (44). In addition to these factors, YAP/TAZ has been reported to interact with other transcription regulators such as RUNX2 and AP-1, cooperate to regulate the expression of target genes (45). Therefore, YAP/TAZ is regulated by a variety of stress and stimuli through multiple mechanisms (Figure 1).



THE ROLE OF YAP/TAZ IN CANCER PROGRESSION

YAP/TAZ functions as an oncogenic transcription factor in majority of solid tumors. Numerous studies have demonstrated that high expression and/or nuclear localization of YAP/TAZ in cancer cells are correlated with poor clinical outcomes in many cancer types such as lung, colorectal, breast, liver, gastric, pancreatic, prostate, endometrial, esophageal, bladder, and ovarian cancer (4, 46, 47). Moreover, it has been shown that the signatures of YAP/TAZ regulated gene expression are correlated with poor prognosis of lung and breast cancers (48, 49). Moreover, gene inactivation by mutations or deletions in multiple upstream regulators of the Hippo pathway, such as LATS1/2, PTPN14, and NF2 has been identified in several cancers including mesothelioma, skin basal cell carcinoma, and bladder and colon cancer (50–52).

In addition to retrospective analysis of clinical samples, numerous animal studies have also verified the function of YAP/TAZ as a bona-fide oncogenic factor. For example, conditional knockout of MST1/2 in liver or liver-specific YAP overexpression induces spontaneous liver cancer (53–55). Ectopic expression of YAP promotes tumor formation and progression in the genetically engineered mouse (GEM) model of lung cancer (56). Moreover, genetic inactivation of YAP reduces or suppresses tumor formation in various GEM models of lung, breast, colon, and pancreatic cancer (56–59).

At the cellular level, YAP/TAZ is involved in diverse functions required for tumor progression. For example, YAP/TAZ promotes cell proliferation by upregulating many genes involved in cell cycle control such as CCND1, CDK1, CDC25, and MCMs (40, 60, 61). YAP/TAZ also promotes anchorage-independent growth in various cancer cells (37, 62, 63).

To establish tumors, cancer cells need to escape from immune surveillance. Recently, it has been demonstrated that YAP/TAZ is involved in immune evasion as well as the resistance to immune checkpoint inhibitors (64). For instance, YAP/TAZ has been shown to upregulate chemokine CXCL5 and CCL2, resulting in the recruitment of immune suppressive myeloid-derived suppressor cells (MDSC) and M2 macrophages, respectively (65, 66). YAP/TAZ also upregulates PD-L1 in cancer cells, which is a critical regulator for the immune checkpoints (67, 68).

Furthermore, some studies have indicated that YAP/TAZ is essential for the maintenance of cancer stem cells. For example, TAZ is required for maintenance of breast cancer stem cells (49), while in osteosarcoma, YAP functions downstream of SOX2 to maintain cancer stem cells (69). In basal like breast cancer cells, serum response factor (SRF) interacts with YAP and induces IL-6 expression, which promotes stemness of basal like breast cancer cells (70). In esophageal cancer cells, YAP induces SOX9, which is engaged in cancer stem cell properties (71, 72).

During cancer development, cancer cells require high energy and a large amount of building blocks to maintain their growth and proliferation. However, because of limited oxygen and nutrients in tumor microenvironment, cancer cells are exposed to various metabolic stress and need to adapt their metabolism to it (73). Recent studies have shown that YAP/TAZ is not only regulated by diverse metabolic signals, but also serves as a key regulator of various metabolic pathways (5).

Therefore, YAP/TAZ obviously plays an essential role in cancer progression (Figure 2). In addition to the functions that were discussed earlier, YAP/TAZ regulates various cellular functions that are essential for metastasis, such as cell migration, invasion, survival, and EMT. We will discuss these functions in detail in the next section.
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FIGURE 2. The function of YAP/TAZ in cancer progression and metastasis. YAP/TAZ promotes tumor progression and metastasis by upregulating a variety of its target genes that are involved in immune suppression, cell cycle control, anti-apoptosis, migration/invasion, EMT, stem cell properties, and metabolism.




METASTASIS REGULATION BY YAP/TAZ

It has been recognized that metastasis occurs through multiple steps known as the metastatic cascade. First, cancer cells gain the ability of migration and invasion, and these cells are dissociated from primary tumors to enter blood and lymphatic vessels. Then, the cells circulates in the blood stream, and some surviving cells extravasates at distant tissues and organs to form secondary tumors (1, 74).

Multiple retrospective analyses of clinical samples have shown that the upregulation or nuclear localization of YAP/TAZ is correlated with metastasis in a variety of cancer such as breast, colorectal, gastric, lung, liver, and pancreatic cancer (75–80). Similarly, the downregulation of upstream negative regulators of the Hippo pathway is also associated with metastasis in the various cancer (81–84).

Moreover, a number of in vivo studies have demonstrated the role of YAP/TAZ in metastasis. Overexpression or activation of YAP/TAZ promotes the ability of cancer cells to metastasize in xenograft mouse models of several cancer types (85–87). In contrast, inactivation of YAP/TAZ suppresses metastasis in several mouse models (87, 88).

At the cellular level, YAP/TAZ has been demonstrated to regulate multiple essential steps of the metastatic cascade (Figure 2). Cell migration and invasion abilities are crucial for cancer cell metastasis, and many studies have shown that overexpression and activation of YAP/TAZ promotes cell migration and invasion (85, 89–92), while the inhibition of YAP/TAZ reduces the migration and invasion abilities of cancer cells (91–93). Mechanistically, YAP/TAZ has been shown to control cell motility by limiting cytoskeletal and focal adhesion maturation (94). Moreover, YAP/TAZ promotes cell migration and invasion through the upregulation of various downstream targets, such as Axl, Cyr61, and receptor for hyaluronan-mediated motility (RHAMM) (89, 95, 96).

EMT is the process that epithelial cells lose their characteristics of cell polarity and cell-cell adhesion and gain mesenchymal cell properties, and associated with cell motility (97, 98). Because the initial step of metastasis is the detachment of cells from a tumor mass, EMT is considered to be the first event for metastasis (97, 99). Numerous studies have shown that YAP/TAZ is a key regulator of EMT. Overexpression of YAP/TAZ induce EMT (11, 12, 93, 100, 101), while the inhibition of YAP/ TAZ reverses EMT (93, 102, 103). Mechanistically, several YAP/TAZ targets such as Axl, Cyr61, and CTGF have been shown to have the ability to induce EMT and stemness (104–106). Moreover, YAP has been shown to interact with Smad2/3/4 and regulate the mRNA expression of EMT-inducing transcription factors, Snail, Twist1, and Slug (107). EMT-inducing transcription factor ZEB1 also interacts with YAP and enhances its transcription activity (108).

During metastasis, cancer cells get into blood vessels and circulate in a body. For cancer cells to metastasize, they need to evolve a mechanism, which helps them to survive during their circulation in blood vessels. Anoikis is the type of apoptotic cell death that is induced by cell detachment, and gaining an ability of resistance toward anoikis is critical for cancer cells to metastasize (109). It has been shown that YAP/TAZ is able to inhibit anoikis (84). Interestingly, platelets interacts with cancer cells, in which YAP is activated through RHOA-MYPT1-PP1-mediated YAP dephosphorylation (110). The platelets-mediated YAP activation contributes to resistance to anoikis and metastasis (110). Moreover, it has been shown that fluid shared stress activates YAP/TAZ, suggesting that YAP/TAZ is activated during circulation and the activated YAP/TAZ may contribute to cancer cell survival during metastasis (111, 112).



THE ROLE OF YAP/TAZ IN GLUCOSE METABOLISM

Glucose is an essential source of energy and building blocks for cells. It is metabolized through glycolysis, TCA cycle, and oxidative phosphorylation (OXPHOS) to produce ATP. In the presence of oxygen, normal cells primarily generate ATP through oxidative phosphorylation and exhibit reduced glucose consumption. However, cancer cells uptake high levels of glucose and convert it to lactate via glycolysis regardless of the presence of oxygen (aerobic glycolysis). The enhanced glycolysis, pentose phosphate, and hexosamine biosynthetic pathways support the energy and building blocks required for high replication of cancer cells (113).

It has been demonstrated that YAP/TAZ is inactivated under the low glucose condition or by the inhibition of glycolysis while it is activated in response to high levels of glucose (33, 34, 114, 115). Several distinct mechanisms of glucose-mediated YAP/TAZ activation have been identified (Figure 3).
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FIGURE 3. YAP/TAZ regulation by glucose metabolism and YAP/TAZ-targets for glucose metabolism. YAP/TAZ is inhibited by AMPK directly or indirectly through AMOTL1-mediated LATS activation. LATS is inhibited by PKM2 or Methylglyoxal, resulting in YAP/TAZ activation. YAP activation is also induced by direct O-GlcNAcylation or indirect O-GlcNAcylation of AMOT. In the nucleus, PKM2, PFK1, or Myc interacts with the YAP/TAZ-TEAD complex and enhances its transcriptional activity toward to the genes involved in glucose metabolism. YAP/TAZ induces lncRNA BCAR4, which interacts with GLI2 and induces PFKFB3 transcription.


AMPK is a key cellular metabolic sensor that is activated by a high AMP to ATP ratio (116). As described earlier section, studies have shown that AMPK directly phosphorylates YAP and inhibits its transcriptional activity (33, 34). Also, these studies have indicated that LATS is also activated by glucose deprivation and contributes to YAP inactivation independently of AMPK, although the underlying mechanism is uncertain (33, 34). Another study has revealed that AMPK phosphorylates angiomotin-like 1 (AMOTL1), resulting in the stabilization of AMOTL1, which contributes to LATS-mediated YAP phosphorylation and inactivation (114).

O-GlcNAcylation is a posttranslational modification of proteins that is catalyzed by O-GlcNAc transferase (OGT) (117, 118). Uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) is a donor sugar of O-GlcNAcylation and transferred to serine/threonine residues of myriad target proteins by OGT (117, 118). UDP-GlcNAc is synthesized from glucose through the hexosamine biosynthetic pathway, which links to cellular O-GlcNAcylation levels (118). Moreover, it has been shown that aberrant protein O-GlcNAcylation is associated with metabolic reprogramming in cancer (119). It has been reported that YAP is also O-GlcNAcylated in response to high levels of glucose (120, 121). One study has shown that YAP is O-GlcNAcylated at Serine 109 (S109) by OGT under high glucose, and S109-O-GlcNAcylation of YAP prevents YAP-LATS interaction, thereby activating YAP (121). In contrast, another study has revealed that O-GlcNAcylation of YAP at threonine 214 (T214), which is also induced by high levels of glucose, enhances its stability by inhibiting the β-TrCP-YAP interaction. Besides, T214 O-GlcNAcylation of YAP is associated with YAP tumorigenic activity (120). Moreover, it has been reported that AMOT is also O-GlcNAcylated, and AMOT expression and O-GlcNAcylation is enhanced by high levels of glucose (122). Interestingly, AMOT enhances YAP nuclear localization and transcriptional activity under the high glucose condition while AMOT inhibits them in normal levels of glucose, suggesting that AMOT O-GlcNAcylation is another mechanism of YAP/TAZ regulation by high level of glucose (122).

In addition to the above mentioned mechanism, phosphofructokinase (PFK1), which is one of the enzymes regulating glycolysis, has been implicated to regulate YAP/TAZ activity (115). Inhibition of glycolysis with 2-deoxy-glucose (2DG) reduces TEAD-YAP complex formation, thereby reducing YAP-mediated transcription. Activated PFK1 interacts with TEAD and form a complex with TEAD and YAP, resulting in stabilization of the YAP-TEAD complex and YAP activation (115).

Methylglyoxal (MG) is a byproduct of glycolysis that induces protein glycation and formation of advanced glycation end products (AGEs). A study has revealed that high MG-adducts and nuclear YAP are correlated in breast cancer, and MG induces YAP activation in breast cancer cells (123). Mechanistically, MG induces HSP90 glycation, which impairs its chaperon activity on LATS1, resulting in destabilization of LATS1 protein and subsequent YAP activation (123).

Pyruvate kinase M2 (PKM2) is a splice isoform of pyruvate kinase that plays an critical role in aerobic glycolysis in cancer (124). It has been reported that tyrosine 105-phosphorylated PKM2, which is induced by several tyrosine kinases, reduces LATS1 protein stability and downregulates it, thereby activating YAP (125). Furthermore, another report has shown that PKM2 directly interacts with YAP and enhances YAP transcriptional activity (126).

Because YAP/TAZ promotes cell growth and proliferation that require high nutrients, it is rational that YAP/TAZ is activated by high cellular glucose and inhibited under a limited energy source. However, in this context, it is also reasonable that YAP/TAZ controls glycolysis to support cell growth and proliferation. Indeed, emerging evidence has shown that YAP/TAZ regulates glycolysis by upregulating the key enzymes for the pathway as well as glucose transporters (Figure 3).

It has been demonstrated that knockdown of YAP/TAZ downregulates various genes involved in glycolysis including GLUT3, HK1,HK2, PFKFB4, PFKP, GAPDH, PGK1, PGAM1, LDHA, PDHA1, and PDHB, resulting in the downregulation of glycolysis and upregulation of mitochondrial oxidative phosphorylation in renal cell carcinoma cells (127). In cancer cells from a KRAS mutant pancreatic cancer GEM, deletion of YAP downregulates the expression of HK2, ALDOA, GPADH, PGK1, PGAM1, and LDHA genes (128). Interestingly, YAP cooperates with other transcription regulators to control many genes related to glycolysis. For example, YAP interacts with HIF1α and regulates the transcription of various genes involved in aerobic glycolysis such as GLUT1, HK2, ALDOA, LDHA, and PKM2 (129, 130). The YAP-TEAD complex interacts with p65 and upregulates the transcription of HK2 (131). YAP associates with c-Myc and regulates PGAM1 mRNA expression (132). Besides, YAP directly regulates transcription of GLUT3, and PKM2 enhances GLUT3 expression by interacting with YAP (126). In addition to direct transcriptional regulation, YAP also indirectly upregulates HK2 and PFKFB3 expression and glycolysis via the lncRNA BCAR4-GLI2 axis (133).



THE ROLE OF YAP/TAZ IN LIPID METABOLISM

Another key metabolic reprograming that is critical for cancer progression is adaptation of lipid metabolism (134). Cancer cells require high levels of lipid to maintain their growth and proliferation, and exhibit elevated de novo synthesis or uptake of lipid compared to normal cells (134). A growing body of evidence has shown that YAP/TAZ is not only activated by the dysregulated lipid metabolism pathways but also plays a role in the adaptation of lipid metabolism in cancer (Figure 4)
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FIGURE 4. YAP/TAZ regulation by lipid metabolism and YAP/TAZ-targets for Lipid metabolism. SCD1-mediated unsaturated fatty acid activates YAP/TAZ by inhibiting the β-catenin destruction complex via Wnt activation. Palmitic acid inhibits YAP through the mitochondrial damage-mediated cGAS-STING-IRF3-MST1 pathway while it activates YAP-TAZ via palmitoylation of TEAD or F-actin rearrangement. The mevalonate pathway activates YAP/TAZ through geranylgeranylation of RHOA. Lipophagy is also associated with YAP activation likely through the upregulation of LPA, a ligand of GPCR. YAP interacts with SREBP1 and SREBP2 and enhances their transcriptional activity toward FAS and HMGCR. YAP also enhances fatty acid oxidation.


De novo fatty acid synthesis is activated in cancer cells for the maintenance of membrane synthesis and generation of signaling molecules (135). Stearoyl-CoA-desaturase 1 (SCD1) is an enzyme that synthesizes monounsaturated fatty acids, and a study has shown that the inhibition of SCD1 downregulates YAP/TAZ expression, nuclear localization, and activity, suggesting that monounsaturated fatty acids are crucial for YAP function (136). The study has also indicated that SCD1 activates YAP/TAZ through the inhibition of the β-catenin destruction complex, which is likely induced by the upregulation of lipid modified Wnt proteins (136). Palmitic acid is a common saturated fatty acid in organisms. It has been reported that palmitic acid inhibits YAP by upregulating MST1, thereby inhibiting endothelial cell proliferation, migration, and angiogenesis (137). Mechanistically, palmitic acid induces mitochondrial damage, which results in releasing mitochondrial DNA (mtDNA) to the cytoplasm. The cytoplasmic mtDNA further activates cGAS–STING–IRF3 signaling, which subsequently induces MST1 transcription (137). In contrast to endothelial cells, free fatty acids (FFA) including palmitic acid activate YAP via F-actin rearrangement in pancreatic β-cells (138). Notably, CTGF induced by YAP plays a role in protection of β-cells from FFA-induced apoptosis (138).

Protein S-palmitoylation is the post-translational modification by which palmitate is attached to cysteine residues of proteins, leading to protein association with membrane, localization changes, and/or functional alterations. Several studies have demonstrated that TEAD is palmitoylated and TEAD palmitylation is critical for YAP/TAZ function (139–141). Although TEAD palmitolaylation does not affect TEAD localization or membrane binding, it is important for the TEAD-YAP/TAZ interaction or proper TEAD folding and stability (139–141). Interestingly, TEAD is autopalmitoylated under physiological conditions (139). Moreover, a recent study has shown that TEAD palmitoylation is regulated by cell density (140). Mechanistically, high cell density induces NF2-dependent downregulation of fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC), which are the crucial enzymes for de novo biosynthesis of palmitate (140). Moreover, high cell density upregulates the expression of depalmitoylases including APT2 and ABHD17A, which may contribute to TEAD depalmitoylation and subsequent TEAD downregulation (140). Therefore, these results suggest that TEAD palmitoylation serves as the potential regulatory mechanism of YAP/TAZ in response to cellular fatty acid metabolism.

The mevalonate pathway is another lipid metabolic pathway to synthesize sterols and isoprenoids from acetyl-CoA. The intermediate products of the mevalonate pathway including farnesyl pyrophosphate and geranylgeranyl pyrophosphate serve as substrates for protein farnesylation and geranylgeranylation, which plays a significant role in protein localization and function (142). Several studies have revealed that YAP/TAZ is regulated by the mevalonate pathway (96, 143, 144). These studies have further identified the underlying mechanism, in which the activation of YAP/TAZ by the mevalonate pathway is mediated by geranylgeranylation of RHOA and subsequent RHOA activation (96, 143, 144).

Lipophagy is the autophagic degradation process of lipid droplets, and a recent study has shown that oxidized low-density lipoprotein (oxLDL) lipophagy is associated with YAP activation and hepatocellular carcinoma (HCC) progression (145). In brief, endoplasmic reticulum-residential protein, Nogo-B is upregulated by the CD36-mediated oxLDL uptake, and Nogo-B interacts with ATG5 to promote oxLDL lipophagy, resulting in YAP activation likely through the upregulation of lysophosphatidic acid (LPA), which is a ligand of GPCR (145).

In addition to YAP/TAZ regulation by lipid metabolism, recent studies have shown that YAP/TAZ regulates lipid metabolism. The sterol regulatory element-binding proteins (SREBPs) are transcription factors that control the expression of enzymes involved in fatty acid and cholesterol biosynthesis (146). It has been reported that YAP interacts with the nuclear forms of SREBP1 and SREBP2 and enhances their transcriptional activities toward fatty acids synthase (FAS) and 30-hydroxylmethyl glutaryl coenzyme A reductase (HMGCR) (147). Also, the study has shown that the activation of LATS1 or inhibition of YAP reduced hepatic steatosis and hyperlipidaemia in diet-induced diabetic mice (147).

Fatty acids oxidation (FAO) is the metabolic pathway that degrade fatty acid to supply ATP and acetyl-CoA and the activity of FAO is promoted in various cancer types (148). Recently, it has been proved that knocking-down YAP reduces FAO while YAP overexpression activates it (149). In addition, the study has indicated that YAP-mediated metabolic shift to FAO is critical for lymph nodes metastasis in a melanoma mouse model (149).



THE ROLE OF YAP/TAZ IN AMINO ACID METABOLISM

In cancer, amino acid metabolism is also dysregulated. In particular, because glutamine is a key amino acid involved in energy generation in TCA cycle, biosynthesis of essential molecules such as amino acid, nucleotide, and fatty acid, control of redox homeostasis, and regulation of cell signaling (150), enhanced glutamine uptake and glutaminolysis are essential for cancer cell proliferation and survival (151). YAP/TAZ has been shown to be involved in glutamine metabolism by upregulating various genes involved in it (Figure 5).
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FIGURE 5. YAP/TAZ-targets for amino acid metabolism. YAP/TAZ regulates amino acid metabolism by upregulating various factors involved in amino acid transportation such as SLC1A3, SLC1A5, SCL7A5, and SLC38A1 as well as glutamine metabolism by upregulating GLS1, GLUL, GOT1, and PSAT1. Moreover, upregulation of amino acids induces the activation of mTOR, which also activates YAP/TAZ through various mechanisms.


It has been reported that YAP/TAZ directly regulates the mRNA expression of glutamine transporters SLC38A1 and SLC7A5 in HCC and these transporters are required for YAP/TAZ-mediated proliferation of HCC cells (152). In a zebra fish model, YAP has been shown to reprogram glutamine metabolism and enhance liver tumor formation (153). Briefly, YAP upregulates glutamine synthetase (GLUL) expression and activity, resulting in the upregulation of glutamine and nucleotide biosynthesis (153). In pulmonary vascular cells, YAP/TAZ upregulates the expression of glutaminase 1 (GLS1) that is the enzyme regulating the first step in the glutaminolysis by generating glutamate from glutamine (154). Physiologically, endothelial cell proliferation is enhanced by vascular stiffness in pulmonary hypertension. YAP/TAZ is activated by mechanical cues from stiff ECM and results in endothelial cell proliferation by upregulating GLS1-mediated glutaminolysis (154). It has been revealed that EphA2 induces YAP/TAZ activation through RHOA activation, and activated YAP/TAZ promotes glutaminolysis through upregulation of GLS1 and SLC1A5 in HER2-positive breast cancer cells (155). This study has also showed that YAP/TAZ expression positively correlates with GLS1 and SLC1A5 expression in human breast cancer patient samples (155). Another study with breast cancer cell lines has indicated that YAP/TAZ reprograms metabolism of breast cancer cells to glutamine-dependent one by inducing glutamic-oxaloacetic transaminase (GOT1) and phosphoserine aminotransferase (PSAT1), which are the key enzymes to convert glutamate to α-ketoglutarate (α-KG) (156). Thus, these studies demonstrated that the YAP/TAZ-mediated glutamine metabolism plays a role in breast cancer progression. Moreover, a recent study has demonstrated that mechanical cues from stiff ECM activates glutamine metabolism though YAP/TAZ activation in both cancer cells and cancer-associated fibroblasts (CAFs) (157). YAP/TAZ upregulates not only GLS1 to increase glutamine metabolism, but also SLC1A3 to exchange amino acids between cancer cells and CAFs (157). Cancer cells utilize CAFs-derived aspartate for the nucleotide biosynthesis pathway to maintain their proliferation while CAFs use cancer cell-derived glutamate for the glutathione pathway to maintain redox homeostasis (157). Thus, the study has indicated that YAP/TAZ regulates tumor growth by coordinating non-essential amino acids flux within the tumor niche.

In addition to glutamine metabolism, YAP/TAZ is also associated with the regulation of other amino acids. For example, YAP/TAZ increases leucine uptake by upregulating high-affinity leucine transporter LAT1 (158). Moreover, a study has suggested that YAP/TAZ activates serine metabolism (159). Upregulation of amino acids leads to the activation of the mammalian target of rapamycin (mTOR) signaling pathway, which is crucial for cell growth and survival (160). Numerous studies have shown that YAP/TAZ is closely associated with mTOR signaling through amino acids. For example, YAP/TAZ upregulates mTOR activity through the upregulation of amino acid transporters (152, 158). In addition, YAP activates mTOR by downregulating PTEN (161). Alternatively, the mTOR pathway has been shown to control YAP/TAZ activity through various mechanisms such as inhibition of autophagy, MST1, and AMOTL2, suggesting that cellular amino acids can regulate YAP/TAZ via activation of mTOR (162–164).



POTENTIAL LINK BETWEEN METABOLIC REGULATION AND METASTASIS BY YAP AND TAZ

Growing evidence has indicated that metabolic reprograming plays a critical role in metastasis (165). As mentioned in the earlier section, metastasis consists of multiple steps, in which cancer cells need to reprogram cellular metabolism to adapt to the drastic changes of environment. In addition, it has been revealed that metabolic reprogramming is associated with the phonotypic changes of cancer cells to gain specific ability required for metastasis (3).

Glycolysis is upregulated in metastatic cancer cells compared to non-metastatic ones (166), and the inhibition of glycolysis attenuates metastasis (167). EMT is a critical step for cancer cells to initiate metastasis and associated with cell migration and invasion ability, and glycolysis has been shown to be closely associated with EMT (168, 169). Induction of EMT in pancreatic ductal adenocarcinoma by tumor necrosis factor-α (TNF-α) and transforming growth factor-β (TGF-β) simultaneously reprograms glucose metabolism to enhance glycolysis (168). Moreover, EMT regulator Snail silences the expression of fructose-1,6-biphosphatase (FBP1), which is a rate-limiting enzyme in gluconeogenesis (170). Loss of FBP1 enhances glycolysis and reduces OXPHOS, while, FBP1 inhibits tumorigenesis in vivo (170). Because YAP/TAZ is activated by high levels of glucose and can regulate both EMT and glycolysis, it may coordinate glycolysis and EMT to initiate metastasis.

Indeed, one report have demonstrated that YAP/TAZ-mediated glucose metabolism is vital for metastasis. In brief, glycolysis and glucose transporter Glut3 are upregulated in metastatic colorectal cancer cells, and Glut3 expression is correlated with poor survival in colorectal cancer patients (126). Interestingly, Glut3 overexpression increases YAP/TAZ expression while Glut3-induced cell migration, invasion, and tumor sphere formation activity are abrogated by YAP knockdown (126). Moreover, YAP induces Glut3 expression in colorectal cancer cells, and both YAP and Glut3 are required for high-fat/sucrose diet-mediated metastasis in a xenograft mouse model (126). Thus, YAP/TAZ and Glut3 regulates each other to control glycolysis and metastasis in colorectal cancer (Figure 6). In addition to glycolysis, OXHOS and activated mitochondria have been shown to play a role in metastasis (171, 172). Moreover, a study has revealed that specific metabolic adaptations are required for breast cancer cells to metastasize to particular organs (173). Liver-metastatic cancer cells show enhanced glycolysis and reduced OXPHOS while bone- or brain-metastatic cancer cells display enhanced OXPHOS (173). So far, it is uncertain whether YAP/TAZ is involved in organ-specific metastasis. However, considering YAP/TAZ promotes glycolysis, it may contribute to organ-specific metastasis.
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FIGURE 6. The interplay between YAP/TAZ-mediated metabolism and metastasis. Glut3 overexpression increases YAP/TAZ expression, and Glut3 promotes cell migration, invasion, and tumor sphere formation YAP/TAZ-dependently. Moreover, YAP/TAZ also induces Glut3 expression, and both YAP/TAZ and Glut3 are required for metastasis. YAP activation enhances fatty acid oxidation (FAO) and the enhanced FAO is required for lymph node metastasis. Moreover, YAP in the cancer cells is activated by bile acids, which is accumulated to high levels in the metastatic lymph nodes.


Several reports have indicated that the lipid metabolic pathways are also associated with metastasis. For example, in ovarian cancer, fatty acid incorporation via CD36 is required for cell migration and invasion in vitro and metastasis in vivo (174). In contrast, in A549 non-small lung cancer cells, lipogenesis plays a negative role in TGF-β-induced EMT and metastasis (175). Therefore, the role of lipid metabolism may be context-dependent. In mevalonate-mediated YAP activation, YAP regulates RHAMM, which upregulates breast cancer invasion and migration activity (96). Moreover, the recent study using a melanoma mouse model has also showed that YAP-mediated FAO is critical for metastasis (149) (Figure 6). In this model, YAP activation enhances FAO and the enhanced FAO is required for lymph node metastasis. Additionally, YAP in the cancer cells is activated by bile acids, which is accumulated to high levels in the metastatic lymph nodes (149).

Glutamine metabolism has also been reported to be engaged in metastasis. For example, glutaminolytic enzyme, glutamate dehydrogenase 1 (GDH1), has been shown to contribute to anoikis resistance and promote metastasis (176). Mechanistically, GDH1 enhances α-KG, which further regulates energy balance through the CamKK2-AMPK pathway after cell detachment (176). In colorectal cancer tissues, GLS1 expression is positively correlated with lymph node metastasis and advanced clinical stage (177). Moreover, GLS1 is induced by hypoxia via HIF1α in colorectal cancer cell lines, and knockdown of GLS1 reduces metastasis in a xenograft mouse model with colorectal cancer cells (177). So far, there is no direct evidence that YAP/TAZ-mediated gluaminolysis contributes to metastasis. However, because YAP/TAZ can regulate GLS1 expression and glutaminolysis, it is likely that YAP/TAZ-mediated glutaminolysis contributes to metastasis. Moreover, although the GDH1-CamKK2-AMPK pathway confers resistance to anoikis, YAP/TAZ is known to be negatively regulated by AMPK. Thus, the glutamine metabolism-mediated anti-apoptotic function may be context-dependent. Obviously further studies are necessary to address the role of YAP/TAZ in glutaminolysis-mediated metastasis.



CONCLUDING REMARKS

Recent advances in targeted therapy and immunotherapy have significantly improved survival rates of cancer patients. However, majority of metastatic cancer is still challenging to be cured. Therefore, it is important to understand the pathways that are involved in metastasis and identify the potential druggable targets. As we described here, YAP/TAZ is activated by high nutrient conditions, and regulates multiple aspects of metastasis as well as cancer metabolism. Thus, YAP/TAZ would be a promising drug target for metastatic cancer. Although no effective clinical drugs targeting YAP/TAZ are available, multiple direct and indirect inhibitors for YAP/TAZ have been developed (178). Verteporfin, which is a photosensitizer for photodynamic therapy, has been known to inhibit YAP/TAZ activity by blocking YAP/TAZ-TEAD interaction and downregulating YAP/TAZ expression (179, 180). Indeed, multiple studies have demonstrated that verteporfin inhibits YAP/TAZ-dependent expression of the genes related to glycolysis and glutaminolysis and subsequent glycolysis and glutaminoslysis in vitro and in vivo (126, 129, 153, 154, 157, 181). In addition to verteporfin, a peptide mimicking VGLL4 has also been shown to inhibit YAP-TEAD interaction and suppress tumor growth in vitro and in vivo (42). Moreover, several specific small molecule inhibitors for YAP-TEAD interaction have been developed (182–184). These inhibitors may have better therapeutic effects with less toxicity than verteporfin because of their specificity. As an alternative approach, YAP/TAZ upstream regulators, in particular protein kinases and other enzymes, would serve as potential drug targets for attenuating YAP/TAZ activity (178). However, YAP/TAZ is regulated by many upstream regulators and the regulatory mechanism may be dependent on cell context. Therefore, it is critical to identify key YAP/TAZ regulators in each tumor for targeting it. Moreover, the expression of YAP/TAZ-target genes would serve as a biomarker to monitor efficacy of therapy.

In recent years, numerous studies have demonstrated the role of YAP/TAZ in metabolism and metastasis. However, there are several critical questions that need to be answered to understand YAP/TAZ-mediated metabolism and metastasis.

Because YAP/TAZ is a multifunctional transcriptional regulator, it is expected to be involved in various steps of metastasis. However, it is still uncertain exactly how YAP/TAZ is regulated during metastasis. For example, EMT is considered as a first step for metastasis, but mesenchymal to epithelial transition (MET) also plays a role in it (185). Moreover, cancer cells reprogram their metabolism between high glycolysis and high OXPHOS during metastasis (3). Therefore, YAP/TAZ activity needs to be controlled strictly during metastasis. Cancer cells are exposed to diverse types of mechanical cues, and changes of nutrient and oxygen during metastasis, which may contribute to the regulation of YAP/TAZ and coordinate the cancer progression and metastasis. Indeed, some mechanical cues from ECM have been shown to promote EMT and metastasis as well as alter cellular metabolism (154, 157, 186, 187). In addition to LATS-mediated phosphorylation, YAP/TAZ is regulated by the interaction with other transcription factors and other proteins. Thus, during the metastasis and metabolic alterations, YAP/TAZ may change its binding partners so that it alters its function according to the need of microenvironment. In addition, various extracellular metabolites may affect YAP/TAZ binding partners and signaling, and contribute to metabolic adaptation and metastasis. Moreover, several reports have suggested that YAP also exhibits context-dependent tumor suppressor function (188, 189). The complicated metabolic regulation by YAP/TAZ may be associated with its tumor suppressor function. Thus, the understanding of the diverse role of YAP/TAZ in different cellular contexts may lead to a better therapeutic strategy to target metastatic cancer.
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Background: The aldehyde dehydrogenase 1 family member A3 (ALDH1A3) is a key enzyme associated with a variety of metabolic processes, including glucose metabolism. We recently uncovered that glucose metabolism played an essential role in promoting metastasis of pancreatic ductal adenocarcinoma (PDAC). As ALDH1A3 labels an aggressive subtype of PDAC, we hypothesized that ALDH1A3 functionally promoted PDAC metastasis via its metabolic effect on glucose metabolism.

Methods: Expression of ALDH1A3 was detected in human PDAC tissues by immunohistochemistry. ALDH1A3 was knocked down or overexpressed in PDAC cells by either shRNA or overexpression vector. The functional roles of ALDH1A3 were characterized in vitro and in vivo. Transcriptional profiling via RNA-sequencing was used to explore the possible underlying molecular mechanisms. Glucose uptake, extracellular lactate, and ATP production were measured to access the metabolic influence of ALDH1A3 on PDAC cells.

Results: ALDH1A3 was associated with poor prognosis in PDAC patients. Functionally, ALDH1A3 promoted PDAC metastasis in vitro and in vivo. Further studies revealed that ALDH1A3 activated PI3K/AKT/mTOR signaling pathway and its downstream target-PPARγ (peroxisome proliferator-activated receptor gamma). This led to increase the expression of HK2 (hexokinase 2), which subsequently enhanced the glycolysis in PDAC cells. Additionally, the pharmacological inhibition of PPARγ activity in ALDH1A3-positive cells impaired glycolytic genes expression, PI3K/AKT/mTOR activity and cellular glycolysis.

Conclusions: ALDH1A3 promotes PDAC metastasis via its metabolic influence on glucose metabolism. PPARγ and its downstream PI3K/AKT/mTOR signaling pathway maybe involved in this process.

Keywords: pancreatic ductal adenocarcinoma, ALDH1A3, PPARγ, HK2, tumor metastasis, glycolysis


INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive disease with dismal prognosis (1). Despite enormous studies in the understanding of molecular tumor biology, the overall survival rate of PDAC patients has remained unchanged for the past 20 years (2, 3). This may be partially attributed to the fact that PDAC is a complex, heterogenic disease with extensive variations in genetic, clinical, and histological profiles. A variety of molecular subtypes with distinctive tumor biology seem to exist (4), thus it is an unmet need to sub-classify PDAC into clinically relevant subtypes and subsequently to develop targeted therapies accordingly. In this regard, we previously used a reverse-translational approach to define PDAC subtypes in mice (5–9) and generated several novel transgenic mouse models of PDAC entities with different potency of aggressiveness. Detailed analyses revealed that metastasis was driven by the KrasG12D/Mek/mTOR signaling axis, for which ALDH1A3 (aldehyde dehydrogenase family 1, subfamily A3) constituted a specific marker (8). Furthermore, ALDH1A3 labeled an aggressive subtype of human PDAC with very short overall survival.

Metabolism reprogramming is one of characteristic hallmarks in cancer cells. In contrast with normal cells, cancer cells primarily rely on aerobic glycolysis for glucose metabolism even under normoxia, which is known as the Warburg effect (10). Aerobic glycolysis could efficiently generate the energy and macromolecules required for cell growth, thereby fueling the rapid growth and proliferation observed in tumors (11). Aberrant regulation of glycolysis-related genes is partly responsible for metabolic shift to aerobic glycolysis to facilitate cancer progression (12, 13). Notably, ALDH1A3 is a key enzyme involved in a variety of metabolic processes, including glucose metabolism (14, 15). Thus, we hypothesized that ALDH1A3 might promote PDAC progression via regulating glucose metabolism. To confirm this, the expression of ALDH1A3 in human PDAC tissues was detected primarily. Furthermore, we generated human PDAC cell lines with different expression levels of ALDH1A3. Then in vitro and in vivo functions of ALDH1A3 were tested by PDAC metastasis and glucose metabolism. Transcriptional profiling via RNA-sequencing was applied to explore the possible underlying molecular mechanisms.



RESULTS


High Expression of ALDH1A3 Is Correlated With Poor Prognosis in PDAC

To uncover the relationship between ALDH1A3 expression and clinical parameters in human PDAC, we first analyzed four previously published datasets about the expression of ALDH1A3 in PDAC vs. normal tissues from Oncomine. The results revealed that in two datasets ALDH1A3 was upregulated in PDAC tissues compared to the corresponding adjacent non-tumor tissues (Figure 1A). Though the other two datasets showed no significant change, the increased expression of ALDH1A3 mRNA levels in bulk PDAC tissues was also experimentally validated using QRT-PCR assay (8). So far, the reason for this disparity is unclear. We speculate that this might be due to the lack of sufficient case numbers of these databases. Furthermore, we investigated the expression ALDH1A3 in a cohort of 88 human PDAC tissues by immunohistochemical staining. This analysis revealed that ALDH1A3 mainly express in ductal epithelial cells, as well as in stromal cells partly. And the staining of which was primarily detected in cytoplasm (Figure 1B). Kaplan–Meier analysis revealed that patients with high expression of ALDH1A3 were associated with shorter overall survival time (p = 0.0023, Figure 1C). The median overall survival time was 21 months in the ALDH1A3-negative expression group and 14 months in the ALDH1A3-positive expression group. The HR of ALDH1A3-negative was 0.4713 (95% CI, 0.2473–0.8044). Moreover, ALDH1A3 expression levels were significantly associated with tumor size (p = 0.0228) and distant metastasis (p = 0.0315, Figure 1D). Additionally, chi-square test indicated the higher proportion of ALDH1A3-positive expression cases in patients with tumor size larger than 4 cm (p = 0.046) and in patients with distant metastasis (p = 0.028) in PDAC patients (Table 1). However, the number of cases with metastasis was low, further studies in this aspect is required.


[image: Figure 1]
FIGURE 1. High expression of ALDH1A3 is correlated with poor prognosis in PDAC. (A) The expression of ALDH1A3 increased in pancreatic cancer tissue compared to adjacent normal pancreatic tissue by Oncomine dataset analysis. (B) ALDH1A3 immunostaining signals were primarily detected mainly in cytoplasm, as well as in stroma partly. Bar:20 μm. (C) High expression of the ALDH1A3 in cancer tissues was associated with shorter overall survival time in the PDAC patients (p = 0.0023). (D) The ALDH1A3 expression levels were significantly associated with tumor size (p = 0.0228) and distant metastasis (p = 0.0315).



Table 1. The relationship between ALDH1A3 expression and clinicopathological features of PDAC patients.
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ALDH1A3 Promotes Migration and Metastasis in PDAC

To investigate the potential effects of ALDH1A3 on migration and metastasis of PDAC, we further studied the role of ALDH1A3 in human PDAC cell lines. First, we detected mRNA and protein levels of ALDH1A3 in six human PDAC cell lines, among which, PANC-1, MIAPaCa-2, Capan-1 had relatively low expression of ALDH1A3 (defined as ALDH1A3-negative cells) and AsPC-1, HPAC, SW1990 had relatively high expression of ALDH1A3 (defined as ALDH1A3-positive cells) (Figure 2A). Thus, we chose PANC-1 and HPAC cells for further overexpression and knockdown assays, respectively.


[image: Figure 2]
FIGURE 2. ALDH1A3 promotes migration in vitro and metastasis in vivo. (A) ALDH1A3 expression was detected in six human pancreatic cancer cell lines at mRNA and protein levels. (B) The overexpression of ALDH1A3 in monoclonal cells (named as M24 and M31) at mRNA and protein levels. (C) The overexpression of ALDH1A3 in PANC-1 cells increased the number of migrated cells in transwell assay at 24 h after cell seeding. (D) Transfection efficiency of the lentiviral vector expressing shRNAs targeting ALDH1A3 in HPAC cells at mRNA and protein levels. (E) Knock-down of ALDH1A3 in HPAC cells reduced the area proportion of metastatic lesions in the largest section of each lung sample 5 weeks after cell injection.


To generate overexpression of ALDH1A3 in ALDH1A3-negative cells, TrueORF cDNA transfection was conducted in PANC-1 cells, followed by monoclonal collection (named as M24 and M31) for stable overexpression (Figure 2B). Due to PANC-1 cells did not readily form lung metastasis tumors in our studies, transwell assay in vitro was conducted to test the potential impact of ALDH1A3 on migration and the results showed that the overexpression of ALDH1A3 significantly promoted the migration ability of PANC-1 cells (Figure 2C).

To achieve stable knockdown of ALDH1A3 in HPAC cells, two shRNAs targeting ALDH1A3 was constructed into a lentiviral vector. HPAC cells were transfected with the two shRNAs and knockdown efficiency was determined by qRT-PCR and western-blotting analysis (Figure 2D). Both shRNAs achieved satisfactory knockdown efficiency and was used for further study. To evaluate the effect of ALDH1A3 on PDAC metastasis, a lung-metastasis xenograft mouse model of HPAC cells was conducted. The area of metastatic lesions in lung was calculated and analyzed 5 weeks after intravenous inoculation. As shown in Figure 2E, knockdown of ALDH1A3 significantly reduced the area proportion of metastatic lesions (p = 0.0383).



ALDH1A3 Promotes the Expression of Key Enzymes in Glycolysis

To gain an insight into the mechanisms by which ALDH1A3 promoted PDAC metastasis, the gene expression in the ALDH1A3-overexpression PDAC cells (M24 and M31) and negative control cells was profiled by RNA sequencing and analyzed by gene set enrichment analysis (GSEA). RNA sequencing results revealed that 2,131 genes were differentially expressed according to diverse ALDH1A3 expression levels. Additionally, GSEA results showed that these genes were accumulated to metabolic processes, including glycolysis, mTORC1 signaling, hypoxia and Myc targets, suggesting that ALDH1A3 may alter the glycolytic flux in PDAC cells (Figure 3A). Furthermore, several key genes in glucose metabolism including HK2 (Hexokinase2), PKM2 (Pyruvate kinase M2), FH (Fumarate hydratase), MDH1 (Malate dehydrogenase 1), SLC2A12 (Solute carrier family 2 member 12), SLC2A1 (Solute carrier family 2 member 1), and LDHA (L-lactate dehydrogenase A chain) were significantly altered in the ALDH1A3-overexpression PDAC cells compared to negative control cells (Figure 3B). Moreover, the key enzyme of glycolysis-HK2 showed the largest fold change among those up-regulated genes (Figure 3C). Alteration of HK2, PKM2, FH, MDH1, and SLC2A12 were further confirmed by qRT-PCR (Figure 3D) both in PANC-1 and HPAC cells. However, the results indicated that only the expression of HK2 and PKM2 decreased when ALDH1A3 was down-regulated in HPAC cells (Figure 3D). This was also confirmed at the protein expression level by western-blotting (Figure 3E). HK2, PKM2, and LDHA are key enzyme in glycolysis, and other altered genes mainly locate in mitochondria, catalyzing the substrates to facilitate a transition step in the production of energy. Though these genes altered significantly after ALDH1A3-overexpression in PANC-1 cells, most of them (except for HK2 and PKM2) did not altered after ALDH1A3-knockdown in HPAC cells. Thus, we focused on the regulation of HK2 and PKM2 in the study.
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FIGURE 3. ALDH1A3 promotes the expression of key enzymes of glycolysis. (A) GSEA using hallmark gene sets was performed to compare the ALDH1A3 overexpression group and negative control group. NES, normalized enrichment score. (B) A heat map showing the expression of glycolysis-related genes across ALDH1A3 overexpression samples and negative control samples. (C) A volcano plot showed the fold change of glycolysis-related genes after the overexpression of ALDH1A3 in PANC-1 cells. (D) QRT-PCR results showed the relative mRNA levels of glycolysis-related genes in PANC-1 cells conducted by ALDH1A3 overexpression or in HPAC cells conducted by ALDH1A3 knock-down. (E) Western-blotting results showed the protein level of HK2 and PKM2 expression in PANC-1 cells conducted by ALDH1A3 overexpression or in HPAC cells conducted by ALDH1A3 knock-down.




ALDH1A3 Enhances PDAC Glycolysis and Activates the PI3K/AKT/mTOR Pathway

To further investigate the effects of ALDH1A3 on PDAC cells, a number of metabolic assays including glycose uptake, lactate production, and ATP production assays were performed to measure glycolytic activity. Compared to negative control cells, the PANC-1 cells with ALDH1A3-overexpression showed a significant elevation in glucose uptake, lactate production, and ATP production, while the HPAC cells with ALDH1A3-knockdown showed a decrease in glucose uptake, lactate production, and ATP production (Figures 4A–C). Moreover, overexpression of ALDH1A3 in PANC-1 cells decreased the production of ROS both in cells and in mitochondria (Supplementary Figures 1A,B). The results of these functional assays implied that ALDH1A3 induced glycolysis activity in human PDAC cells.
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FIGURE 4. ALDH1A3 enhances PDAC glycolysis by activating the PI3K/AKT/mTOR pathway. (A–C) Compared to the control group cells, the PANC-1 cells treated with ALDH1A3-overexpression showed a significant increment in glucose uptake, lactate production, and ATP production, while the HPAC cells treated with ALDH1A3-knockdown showed a decrease in glucose uptake, lactate production and ATP production. (D) ALDH1A3 led to significant enhancement of PI3K/AKT signaling including its downstream targets mTOR.


To further understand the molecular mechanisms underlying the regulation of ALDH1A3 on glycolysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was performed to detect the potentially involved signaling pathways. Several glucose metabolism-related pathways were involved, such as AGE-RAGE, Glucagon signaling pathway, and Glycolysis/Gluconeogenesis, etc. Notably, these pathways converged on the PI3K/AKT pathway. Indeed, western-blotting results confirmed that the ALDH1A3 overexpression in PANC-1 cells led to a significant enhanced activity in PI3K/AKT signaling and its downstream target-mTOR signaling, while the ALDH1A3 knock-down in HPAC cells led to a decreased activity in PI3K/AKT/mTOR signaling pathway (Figure 4D).



ALDH1A3 Promotes Glycolysis by Regulating the Expression of HK2

HK2, as the key enzyme of glycolysis, was significantly up-regulated by ALDH1A3-overexpression. To confirm the connection between ALDH1A3 and HK2, we further down-regulated HK2 by lentiviral-mediated shRNA expression in ALDH1A3-overexpression monoclonal PANC-1 cells (M24). The knockdown efficacy was confirmed by both mRNA and protein level (Figure 5A). The results showed that glucose uptake, lactate production, and ATP production decreased upon HK2 knockdown in M24 cells. In addition, it also reversed the increased glycolysis induced by ALDH1A3-overexpression (Figures 5B–D). Furthermore, the activity of PI3K/AKT/mTOR signaling pathway was also inhibited by HK2 knockdown in M24 cells (Figure 5E). Additionally, the transwell assay result showed that the migration ability of ALDH1A3 could be impaired by HK2 knockdown in M24 cells (Figure 5F).
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FIGURE 5. ALDH1A3 promotes glycolysis by regulating the expression of HK2. (A) The knockdown efficacy of HK2 in ALDH1A3-overexpression cells (M24 and M31) was guaranteed at both mRNA and protein level. (B–D) After HK2 was knocked down in M24 cells, glucose uptake, lactate production and ATP production decreased in return. (E) Knockdown of HK2 inhibited PI3K/AKT/mTOR signaling in M24 cells. (F) The migration ability of ALDH1A3 could be impaired by HK2 knockdown in M24 cells. (G) In PDAC tissues, HK2 immunostaining signals were primarily detected in the cytoplasm. Bar: 20 μm. (H,I) The expression of HK2 was higher in ALDH1A3-positive PDAC tissues and correlated positively with the expression of ALDH1A3 in human PDAC tumor tissues. (J) The PDAC patients with both ALDH1A3 and HK2 positive expression suffered from poorer overall survival than that with both ALDH1A3 and HK2 negative expression (p = 0.0202).


Moreover, the correlation between HK2 and ALDH1A3 was also confirmed by immunohistochemical staining in PDAC tissues. HK2 immunostaining signals were primarily detected in the cytoplasm (Figure 5G). The result showed that the expression of HK2 was higher in ALDH1A3-positive PDAC tissues, and correlated positively with the expression of ALDH1A3 in human PDAC tumor tissues (Figures 5H,I). Moreover, the PDAC patients with both ALDH1A3 and HK2-positive staining had a shorter overall survival than patients with both ALDH1A3 and HK2-negative staining (p = 0.0202, Figure 5J).



ALDH1A3 Activates the PI3K/AKT Signaling Pathway and Up-Regulates HK2 by Crosstalking With PPARγ Pathway

We next investigated the mechanism of how ALDH1A3 activated PI3K/AKT/mTOR pathway and promoted HK2-mediated glycolysis. Here, a previous study reported PPARγ played an important role in the transcription of glycolytic isozyme genes-HK2 (16). ALDH1A3 is an important aldehyde metabolic enzyme responsible for retinoic acid signaling. To confirm it, by in silico analysis, we found that the promoter regions of HK2 genes contained several PPAR response elements (PPRE, Figure 6A). Consistently, by analyzing the data on the cBioPortal, the expression HK2 was higher in PPARγ-high expression group compared to that in PPARγ-low expression group (p < 0.0001, Figure 6B). Moreover, the expression of PPARγ and HK2 showed a significantly positive correlation (p < 0.0001, Figure 6B). In line, ALDH1A3 overexpression in PANC-1 cells increased the PPARγ expression while ALDH1A3 down-regulation in HPAC cells decreased the PPARγ expression (Figure 6C).
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FIGURE 6. ALDH1A3 activates the PI3K/AKT pathway and up-regulates HK2 by crosstalking with PPARγ. (A) The promoter regions of HK2 genes contained several PPAR response elements (PPRE). (B) Analyses of data on the cBioPortal showed the expression of HK2 was higher in PPARγ-high expression group compared to that in PPARγ-low expression group (p < 0.0001), and the expression of PPARγ and HK2 showed significant positive correlation (p < 0.0001). (C) ALDH1A3 overexpression in PANC-1 cells up-regulated PPARγ expression while ALDH1A3 knockdown in HPAC cells decreased the expression of PPARγ. (D,E) The PPARγ agonist-Rosiglitazone used in PANC-1 cells could increase lactate production and ATP production, while the PPARγ inhibitor-T0070907 used in HPAC cells could decrease lactate production and ATP production. (F) The PPARγ agonist-Rosiglitazone used in PANC-1 cells could up-regulate the expression of HK2 and PKM2 and activate PI3K/AKT/mTOR signaling pathway, while the PPARγ inhibitor-T0070907 used in HPAC cells could down-regulate the expression of HK2 and PKM2 and suppress PI3K/AKT/mTOR signaling pathway.


To further investigate the role of PPARγ in ALDH1A3-induced glycolysis in PDAC cells, a PPARγ agonist-rosiglitazone and a PPARγ inhibitor-T0070907 were used in PANC-1 (ALDH1A3-negative) and HPAC cells (ALDH1A3-positive), respectively. The results revealed that the rosiglitazone treatment (PPARγ activation) increased the lactate and ATP production in PANC-1 cells (Figures 6D,E). Meanwhile, the expression of HK2 and PKM2 increased, and the PI3K/AKT/mTOR signaling pathway was activated after the rosiglitazone treatment (Figure 6F). However, the T0070907 treatment (PPARγ inhibition) decreased the lactate and ATP production in HPAC cells (Figures 6D,E). Correspondingly, the expression of HK2 and PKM2 was down-regulated and PI3K/AKT/mTOR signaling was inhibited (Figure 6F). However, the glucose uptake was not affected by neither PPARγ agonist nor inhibitor, which might due to the concept that PPARγ could influence other steps of glycolysis, not only depend on uptake of glucose to regulate tumor metabolism. Thus, we concluded that ALDH1A3 promoted glycolysis and regulated the expression of HK2 via transcription factor PPARγ.




DISCUSSION

Previously, we generated a number of PDAC entities with different potency of aggressiveness by using a set of transgenic mouse models (5–9). Notably, in the context of Tsc1 haploinsufficiency, KrasG12D preferably activated mTOR signaling via the Mek/Erk cascade, contributing to a PDAC subtype with high-metastasis potential (8). Expression analysis identified ALDH1A3 as a key target gene of KrasG12D/Mek/mTOR, both on the expression and the function levels (8). Thus, we hypothesized that ALDH1A3 played an important role in the progression of this aggressive PDAC subtype. However, the mechanisms of ALDH1A3 in PDAC progression remain unknown (17). Previous studies suggest that ALDH1A3 is closely associated with the colony formation, sphere formation, tumorigenesis, and angiogenic activity of cancer cells (15). High expression of ALDH1A3 predicts poor prognosis in glioma (18), melanoma (19), glioblastoma (20), and breast cancer (21). However, the role of ALDH1A3 has not so far been reported under physiological circumstances in PDAC cells. Our clinical study results showed that high expression of ALDH1A3 was correlated positively with tumor size and distant metastasis, and predicted poor prognosis in PDAC. In vitro and in vivo studies further confirmed that ALDH1A3 could promote migration and metastasis, respectively. These data suggest a promotional role of ALDH1A3 on PDAC progression.

Previous studies have reported that ALDH1A3 was a key enzyme associated with a variety of metabolic processes, including glucose metabolism (15). Our transcriptomic and metabolic analyses revealed that the metastasis-promoting role of ALDH1A3 was largely dependent on glycolysis and the key glycolytic enzyme HK2. Among glycolytic enzymes, HK2 particularly favors aerobic glycolysis because of its kinetic features and intracellular distribution (16). Accumulating studies have confirmed that HK2 expression was significantly up-regulated in a variety of malignant tumors, including PDAC, and it could directly promote metastasis via regulation of glycolysis (22, 23). Additionally, during ALDH1A3-induced metabolic reprograming, we found that ALDH1A3 activated PI3K/AKT/mTOR signaling by crosstalking with transcription factor PPARγ. Enhanced PI3K/AKT signaling promotes the metabolic reprogramming by either promoting the activity of hexokinase in driving glycolysis or activating the AKT-dependent mTOR signaling to enhance the expression of glycolysis-related genes (24, 25). PPARγ is a member of the nuclear receptor superfamily that regulates metabolism, inflammation, and cellular growth and differentiation. It has been implicated in the carcinogenesis and progression of various solid tumors, including PDAC. Inhibition of PPARγ could suppress hepatic metastasis of PDAC in mice (26). Notably, a recent study found that PPAR response elements (PPRE) existed in the promoter of ALDH1A3, and ALDH1A3 could up-regulate PPARγ in lung cancer cells (27), consistent with our observation in PDAC cells. Furthermore, it has been previously demonstrated that PPARγ could activate PI3K/AKT pathway, which then regulated the novel and direct targets HK2 and PKM2, leading to hepatic steatosis and cell proliferation (16). In our study, suppressing PPARγ in ALDH1A3-positive PDAC cells could inhibit glycolysis, the expression of HK2 and PI3K/AKT/mTOR signaling pathway correspondingly. Thus, it is likely that ALDH1A3 induces glucose metabolism in PDAC by crosstalking with PPARγ.

In conclusion, our results demonstrate that ALDH1A3 promotes PDAC metastasis via its metabolic influence on glucose metabolism. PPARγ and its downstream PI3K/AKT/mTOR signaling pathway seem to be involved in this process. Taken together, our results provide new insight that targeting ALDH1A3 might constitute a new approach for PDAC treatment.



METHODS AND MATERIALS


Data Mining Using Oncomine and TCGA

ALDH1A3 gene expression in PDAC tissues and adjacent normal tissues was analyzed using microarray gene expression datasets deposited in the Oncomine database (https://www.oncomine.org). A combined filter was applied to display the corresponding datasets. The Cancer Type was defined as Pancreatic Cancer and Data Type was mRNA, and Analysis Type was Cancer vs. Normal Analysis.

The expression of PPARγ and HK2 data for TCGA pancreatic adenocarcinoma (provisional) patients (n = 141) were downloaded and filtrated from the cBioPortal website (http://www.cbioportal.org). The cutoff value for PPARγ mRNA expression (RNA Seq V2 RSEM) was the average 922, and the cutoff value for HK2 mRNA expression was the average 2,603.



Human PDAC Tissue Array Analysis

The experiments utilizing human samples were approved by the Ethical Committee of Medical Research, the Affiliated Drum Tower Hospital of Nanjing University Medical School (202001301). The patient cohort of human pancreatic tissue array containing 88 PDAC specimens was also obtained from Drum Tower Hospital from August 2010 to July 2018. Patients had not received radiotherapy, chemotherapy, or other related anti-tumor therapies before surgery.



Immunohistochemistry

For histological analyses, PDAC tissues from patients were fixed in 10% buffered formalin (Sigma) and embedded in paraffin. Paraffin sections were then processed for either hematoxylin and eosin (H&E) staining or immunohistochemistry (28). Specific antibodies used for immunohistochemistry were: ALDH1A3 (1:100, Arigo, #14766), HK2 (1:200, Cell Signaling Technology, #2867s). The proportion of positive stained areas was evaluated as follows: 0 for <5%, 1 for 5–25%, 2 for 25–50%, 3 for 50–75%, and 4 for ≥75%. The intensity of staining was scored as 0, 1, 2, and 3 for the representation of no color, yellow, brown, and dark brown. The final scores were obtained by multiplying the extent of positivity and intensity scores, producing a range from 0 to 12. For ALDH1A3, no <4 points are defined as positive. For HK2, meeting 6 points is positive. The stained slides were evaluated by two experienced pathologists independently.



Cell Culture and Reagents

Human pancreatic cancer cell lines PANC-1, HPAC, AsPC-1, SW1990, MIAPaCa-2, Capan-1 were gifted from department of surgery, Klinikum rechts der Isar, Technical University of Munich. All cell lines used in this study are considered to be identical to the reference cell line in the Cell Bank STR database. Mycoplasma testing is also negative.

All cell lines were cultured in a suggested medium according to ATCC protocols in a humidified incubator at 37°C with 5% CO2. HPAC cells with high ALDH1A3 expression and PANC-1 cells with low ALDH1A3 expression were selected for further study.

Rosiglitazone (APExBIO, #A4303), a therapeutic drug for diabetes, was used as an agonist of PPARγ. T0070907(Selleck Chemicals, #S2871) was used as an antagonist of PPARγ. Cells were treated with rosiglitazone (10 and 20 μM) and T0070907 (5 and 10 μM) for 72 h, and then managed for next research steps.



Plasmid Transfection

For ALDH1A3 overexpression transfection, PANC-1 cells with low ALDH1A3 expression was transfected with 1 μg of either human cDNA ORF clone (OriGene, #RC209656) or control ORF clone (OriGene, #PS100001). 1.5 mg/mL geneticin (Sigma-Aldrich, #A1720) was supplemented in culture medium for selection.



Lentivirus Transfection

ALDH1A3-shRNA lentiviral vector was constructed by GeneChem Co., Ltd., (Shanghai, China) from GV248 vector (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin). The targeting sequence of ALDH1A3-shRNA was GCAACCAATACTGAAGTTCAA (sh1), GAGCAGGTCTACTCTGAGTTT (sh2). Empty vector was used as the negative control. To generate stable ALDH1A3-knockdown cells, HPAC cells were placed in a 6-well plate at a density of 1 × 105 cells/well the day before infection. The next day 5 × 105 units of lentivirus were added in cell culture medium supplied with 5 μg/ml polybrene to initiate infection. Viruses were removed 12 h after infection and fresh cell culture medium was added. Three days after transfection, 1 μg/ml puromycin was added into the cell culture medium to generate stable ALDH1A3-knockdown HPAC cell line.

HK2-shRNA lentiviral vector was constructed by GeneChem Co., Ltd., (Shanghai, China) from GV248 vector (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin). The targeting sequence of HK2-shRNA was CTGGCTAACTTCATGGATA (sh1), GTAACATTCTCATCGATTT (sh2). Transfection method was the same as above.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated using Trizol reagent (Takara) according to the manufacturer's instructions. Reverse transcription reactions were performed on 1 μg of total RNA with the PrimeScript™ RT Master Mix (Takara). Quantitative PCR was performed in a total reaction volume of 20 μL using SYBR® Advantage® qPCR Premix (Takara) according to the manufacturer's recommendations. Reactions were run in triplicate in three independent experiments. The 2−ΔΔCT method was used to determine the relative levels of mRNA expression between experimental samples and controls. The experiments were performed three biological repeats and three technical replicates. Primers were listed as following. ALDH1A3 forward: 5′-ACTCTGAGTTTGTCAGGCGG-3′, ALDH1A3 reverse: 5′-CACTGGCCCGAAAATCTCCT-3′; HK2 forward: 5′-AGGAGAACAAAGGCGAGGAG-3′, HK2 reverse: 5′-GCCGCACGGTCTTATGTAGA-3′; PKM2 forward: 5′-GGTGGAAAATGGTGGCTCCT-3′, PKM2 reverse: 5′-TGCGGATGAATGACGCAAAC-3′; FH forward: 5′-GCACCATGTACCGAGCACTT-3′, FH reverse: 5′-CCGGAAGGAATTTTGGCTTGC-3′; MDH1 forward: 5′-TGCTGTCATCAAGGCTCGAA-3′, MDH1 reverse: 5′-ACAAACTCTCCCTCTGGGGT-3′; GLUT1 forward: 5′-TGGCATCAACGCTGTCTTCT-3′, GLUT1 reverse: 5′-AACAGCGACACGACAGTGAA-3′; SLC2A12 forward: 5′-TTTCTTCCTCCAAGCCCTCG-3′, SLC2A12 reverse: 5′-GGGTCCGCATGTTGTCTTTT-3′; LDHA forward: 5′-ATGGCAACTCTAAAGGATCAGC-3′; LDHA reverse: 5′-CCAACCCCAACAACTGTAATCT-3′; PPARγ forward: 5′-GGTTTCTTCCGGAGAACAATCA-3′; PPARγ reverse: 5′-ATCCCCACTGCAAGGCATTT-3′; β-actin forward: 5′-CTACGTCGCCCTGGACTTCGAGC-3′; β-actin reverse: 5′-GATGGAGCCGCCGATCCACACGG-3′.



Western Blotting

Cell and tissues lysates were collected as previously described (29). Protein concentrations were determined using BCA Assay (Beyotime Biotechnology). Equal amounts of protein were separated with 8–12% SDS-PAGE and then electrophoretically transferred onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). TBST containing with 5% non-fat milk or bovine serum albumin was used to block non-specific binding for 2 h at room temperature. Then, membranes were incubated with primary antibodies according to the instructions overnight at 4°C followed by appropriate secondary antibodies. Signals generated by enhanced chemiluminescence (Millipore) were recorded with a CCD camera (Tanon, Shanghai). The experiments were performed three biological repeats. Primary and secondary antibodies included: ALDH1A3 (1:1,000, Sigma-Aldrich, #HPA046271), HK2 (1:1,000, Cell Signaling Technology, #2867), PKM2 (1:1,000, Cell Signaling Technology, #4053), PPARγ (1:1,000, Santa Cruze, #sc-7273), mTOR (1:1,000, Cell Signaling Technology, #2983), p-mTOR (1:1,000, Cell Signaling Technology, #5536), PI3 Kinase p110α (1:1,000, Cell Signaling Technology, #4249), Akt (1:1,000, Cell Signaling Technology, #2920), p-Akt (1:1,000, Cell Signaling Technology, #4060), β-actin (1:5,000, Sigma-Aldrich, #5441).



Animal Experiment (Tail Vein Injection)

Athymic male nu/nu mice aged from 5 weeks were used in this study. Lung metastasis model established by tail vein injection at a total cell number of 75 × 104 for either shNC or shALDH1A3 HPAC cells in 300 μl PBS. Mice were sacrificed after five weeks. The entire lung tissue was collected. Then, lungs were fixed with 4% paraformaldehyde and analyzed with H&E staining. Area proportion of metastatic lesions on the largest section of each sample were calculated and analyzed. The animal experiments were approved by the Institutional Animal Care and Use Committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School (20180102). All animal procedures were performed in compliance with the guidelines set by the Animal Care Committee, and all efforts were made to minimize potential pain and discomfort in the animals.



Transwell Assay

The migration ability of PANC-1 cells transfected with control shRNA or ALDH1A3 was tested in a transwell Boyden chamber (8 mm). Cells were harvested and suspended in FBS-free DMEM culture medium at a concentration of 5 × 104 cells/mL. DMEM medium (0.8 mL) containing 20% FBS was added to the lower compartment. 0.5 mL cell suspension was added to the upper chamber. Transwell-containing plates were incubated for 24 h in a 5% CO2 atmosphere saturated with H2O. Cells passing through the filter membrane were fixed with 4% paraformaldehyde at room temperature for 15 min, washed three times with distilled water, and stained with 0.5% crystal violet. We then gently removed the cells remaining on the upper surface of the filter membrane with a cotton swab. Images of the lower surfaces were captured using microscopy (five fields per chamber, CX31, Olympus) and the number of cells per field counted and analyzed. The experiments were performed three biological repeats and three technical replicates.



RNA Sequence and GSEA

Total RNA was isolated and used for RNA-seq analysis. cDNA library construction and sequencing were performed by Beijing Genomics Institute using BGISEQ-500 platform. High-quality reads were aligned to the human reference genome (GRCh38). The expression levels for each of the genes were normalized to fragments per kilobase of exon model per million mapped reads (FPKM) using RNA-seq by Expectation-Maximization (RSEM).

Gene set enrichment analysis (GSEA) was performed on the Broad Institute Platform, and statistical significance (false discovery rate, FDR) was set at 0.25. Characteristic gene sets from control and ALDH1A3 overexpression groups were analyzed according to the genes presenting the strongest enrichment scores.



Glucose and Lactate Measurement

A fluorescent glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-glucose (2-NBDG, Sigma-Aldrich,#72987), was used to measure glucose uptake. Cells were seeded into 6-well-plate culture dishes for 24 h. Subsequently, 10 μM 2-NBDG was added to the culture medium, and the mixture was incubated for 20 min. To stop the response, cells were digested by trypsin followed by centrifuge and collected. The 2-NBDG fluorescence intensity was measured by flow cytometry at an excitation wavelength of 494 nm and an emission wavelength of 551 nm.

The culture medium was collected for measurement of lactate concentration. Lactate production in the medium was detected by using the Lactate Assay Kit (BioVision, #L256) according to the manufacturer's instruction. Total proteins were used for normalization of the results obtained above. The experiments were performed biologically and technically in triplicate and repeated twice.



Extracellular ATP Measurement

The ATP levels were determined using a bioluminescent ATP assay kit (Beyotime, #S0027) according to the manufacturer's instruction. The standard ATP samples were used for the preparation of the calibration curve. Results were normalized by total protein from each sample. The experiments were performed biologically and technically in triplicate and repeated twice.



Statistical Analyses

Data were analyzed using GraphPad Prism v7.0. All experiments were performed biologically and technically in triplicate, with the mean and standard deviation (SD) being reported where appropriate. And the repeated results were used as data points for statistical tests. ANOVA or Student's t-test was used for statistical analysis of differences in values among multiple groups. The differences in ALDH1A3 expression among patients were analyzed by t-test for continuous variables and the chi-squared test for categorical variables. Correlations were analyzed by the Pearson method. Log-rank tests were performed on Kaplan–Meier survival curves to determine any significant relationships between gene expression and patient outcomes. Differences were considered significant at p < 0.05.
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Within the tumor microenvironment, there is an intricate communication happening between tumor and stromal cells. This information exchange, in the form of cytokines, growth factors, extracellular vesicles, danger molecules, cell debris, and other factors, is capable of modulating the function of immune cells. The triggering of specific responses, including phenotypic alterations, can ultimately result in either immune surveillance or tumor cell survival. Macrophages are a well-studied cell lineage illustrating the different cellular phenotypes possible, depending on the tumor microenvironmental context. While our understanding of macrophage responses is well documented in vitro, surprisingly, little work has been done to confirm these observations in the cancer microenvironment. In fact, there are examples of opposing reactions of macrophages to cytokines in cell culture and in vivo tumor settings. Additionally, it seems that different macrophage lineages, for example tissue-resident and monocyte-derived macrophages, respond differently to cytokines and other cancer-derived signals. In this review article, we will describe and discuss the diverging reports on how cancer cells influence monocyte-derived and tissue-resident macrophage traits in vivo.
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INTRODUCTION

Macrophages are key immune cells involved in the phagocytosis of foreign factors and debris, and the production of cytokines (1–3). Classic macrophages can respond to cancer cells upon exposure to tumor-associated antigens (4). However, macrophages that are associated with established tumors are usually known to produce anti-inflammatory cytokines and support tumor progression (5). These cancer-associated types of macrophages have also been associated with metastasis, including early metastatic steps such as pre-metastatic niche formation (6).

Macrophages were first described by Elie Metchnikoff in 1882, as mononuclear phagocytic cells important for animals' defense against bacterial infection (1). In the context of cancer, initial studies focused on their phagocytic function, and how their secretory products could act as proinflammatory and anti-tumor agents (1, 7, 8). For example, breast cancer patients presenting with tumor masses highly infiltrated by macrophages had a reduced risk of metastasis (9). In contrast, during 1990s, proangiogenic and protumoral roles for macrophages started to be suggested in diverse cancer types, including breast (10), lung (11), and ovarian cancer (12).

Studies on the biology of monocyte differentiation to macrophage helped understand the opposing inflammatory and anti-inflammatory roles of macrophages (13, 14). These studies demonstrated how cytokines are involved in monocyte differentiation. For example, Interferon-gamma (IFN-γ) assists in the initiation of immune responses (15). Macrophage activation by lipopolysaccharide (LPS) results in an increase in IL-12 production, a cytokine commonly found in the inflammatory environment (16). When macrophages are treated with LPS in combination with IFN-γ, for example, IL-12 secretion is up-regulated, with subsequent promotion of Th1 inflammatory responses (17). On the other hand, macrophages exposed to IL-4 or IL-10 are known to promote Th2 anti-inflammatory responses (18). Charles Milles introduced that macrophages activated by LPS and IFN-γ are commonly termed M1 macrophages; while IL-4 or IL-10 treated macrophages are termed M2 macrophages (19). Nevertheless, this simple M1/M2 macrophage polarization, induced by only several cytokines, is not sufficient to describe the broad macrophage variability observed in different disease models (20), particularly in cancer (21).

So far, most work has been done on investigating macrophage responses to recombinant cytokines in in vitro cell culture settings. Mostly, murine and human macrophage cell lines, including RAW and THP-1 cells, respectively, have been used for those studies. Based on this data, we have generated a thorough understanding of signaling pathways in macrophages, in response to cytokines and other stimuli. Intriguingly, there is a paucity of studies on how macrophages in in vivo cancer microenvironments respond to cytokines. In fact, some reports highlight stark discrepancies between the responses of cell-cultured macrophages to a cue when compared to the macrophages in a tissue context (22). For example, comparison of bone marrow-derived macrophage (BMDM) and Raw 264.7 cells by RNA sequencing and proteomics uncovered dissimilarity in response to inflammation (23, 24). Additionally, there are at least two distinct macrophage populations, with different origins and functions, present in a tumor. Our knowledge of the different roles these populations have to play in different phases of tumor progression and metastasis are even more limited. We will now discuss the state of knowledge for these macrophage populations in in situ, in vivo or ex vivo cancer microenvironmental settings.



MONOCYTE-DERIVED MACROPHAGES AND TISSUE-RESIDENT MACROPHAGES: ORIGINS AND PHENOTYPES

Based on their origin, macrophages are classified into monocyte-derived macrophages or tissue-resident macrophages (25). Monocyte-derived macrophages originate from adult hematopoietic stem cells in the bone marrow (26). These macrophages are firstly distributed to tissues as monocytes, which can then differentiate to macrophages depending on organ-specific cues and circumstance (27). On the other hand, tissue-resident macrophages are suggested to originate from progenitor cells during embryonic or fetal development, and are not dependent on adult hematopoiesis (28, 29). These macrophages have self-renewal properties, as well as distinct features and names that depend on the organ in which they reside (30). The tissue-resident macrophages' nomenclature includes historical names, such as bone marrow, microglia (brain) (31), alveolar (lung) (32), Kupffer (liver) (30), and kidney macrophage (33).

Tissue-resident macrophages are highly heterogeneous, showing more variable levels of transcription factors and surface markers compared to monocyte-derived macrophages (Figure 1). Regarding the expression of surface markers, monocyte-derived macrophages are generally F4/80intermediate/CD11bhigh/MHC class IIhigh/CCR2high, while tissue-resident macrophages are usually identified by the F4/80high/CD11blow/Cx3CR1high/MHC class IIhigh/low/CCR2low immunophenotype (30). In addition, it has been suggested that the responses triggered within the cancer microenvironment are different between monocyte-derived macrophage and tissue-derived macrophages. In pancreatic tumor, for example, tissue-resident macrophages proliferate, and promote tumor progression and pro-fibrotic activity, while monocyte-derived macrophages do not affect tumor progression, but have potent roles in antigen presentation (34). Conversely, monocyte-derived macrophages accumulate in high numbers during lung injury, whereas tissue-resident macrophages persist in their numbers (35). Moreover, in vivo injections of either LPS or IL-4 trigger different responses in monocyte-derived and tissue-derived macrophages, both functionally and phenotypically (35, 36). These studies show that monocyte-derived and tissue-resident macrophages can display distinct characteristics in different conditions (Figure 1). Therefore, it is important to clearly identify these two populations of macrophages when assessing their roles in the tumor microenvironment, particularly how both cell subsets are differentially affected by tumor-derived factors.
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FIGURE 1. Difference between Monocyte-derived macrophages and tissue-resident macrophages. Monocyte-derived macrophages commonly express high levels of CD11b MHC class II and CCR2, while tissue-resident macrophages have high levels of F4/80 and CX3CR1 (30). Monocyte-derived macrophages begin from adult hematopoietic stem cells through monocyte differentiation. However, progenitors of tissue-resident macrophages are of embryonic origin and fetal hematopoietic cells, and maintain their number by self-renewal signaling in tissue (30). Functions of these two types of macrophages are different as well. Monocyte-derived macrophages act in infection conditions to phagocytosis pathogens and secretes cytokines related to proinflammatory conditions (35). In contrast, tissue-resident macrophages subsist in tissue for maintaining tissue homeostasis by phagocytosis apoptotic cells and secreting cytokines related to tissue remodeling (3).




MACROPHAGES IN THE CANCER MICROENVIRONMENT

The surrounding environment of macrophages has been reported to determine their polarization (37). For example, macrophages in either hypoxic or acidic conditions promote tumor progression more efficiently than cells derived from normoxic condition (38–40). This observation indicates that macrophage differentiation can be altered by extrinsic factors, hence impacting the cancer microenvironment. There is a vast difference between the cytokine profiles secreted from normal and cancer cells. It is known that many types of cancer cells secret a large range of extracellular mediators, including cytokines, chemokines and growth factors, such as the chemokine (C-C motif) ligand 2 (CCL2), IL-6, transforming growth factor beta (TGF-β), tumor necrosis factor alpha (TNF-α), matrix metalloproteinases (MMPs), and granulocyte-macrophage colony-stimulating factor (GM-CSF) (41, 42). These proteins play important roles in altering the phenotype of macrophages, but might affect monocyte-derived macrophages and tissue-resident macrophages differentially. The composition and amounts of cytokines secreted within the tumor microenvironment by both cancer and stromal cells partially determine the reaction of macrophages to a cancer, which could result in either promotion or suppression of immune responses, and consequent inhibited or sustained cancer growth, respectively.



EFFECTS OF TUMOR-DERIVED CYTOKINES ON MONOCYTE-DERIVED MACROPHAGES

CCL2 is known to be highly abundant in the cancer microenvironment (43). It is shown to recruit CCR2+ highly inflammatory monocytes, which are then differentiated to F4/80+/CD11b+/Gr1− macrophages, promoting metastasis through VEGF-dependent mechanisms in breast cancer (44). Furthermore, F4/80+/CD11b+macrophages express higher levels of CCR2 than tissue resident macrophages, being recruited by CCL2 secreting tissues. CCL2, in turn, regulates CCR2+ macrophage signaling and induces, for example, secretion of CCL3 and consequent extravasation of cancer cells (45). Deletion of CCL3 in bone marrow-derived macrophages suppresses lung metastasis and reduces the recruitment of monocyte-derived macrophages to tumor site (45). In another study, CCL2 has been reported to play an important role in differentiating monocytes. CCL2 was incubated with human CD11b+ monocytes, causing them to differentiate to a CD14+/CD206+/CD11b+ population (46). These macrophages produce protumoral cytokines and are associated with a tumor promoting phenotype (46).

Several publications have demonstrated that IL-6 is also associated with macrophage polarization. For example, in the glioblastoma microenvironment, IL-6 and CSF-1, which are produced by glioblastoma-associated endothelial cells, increase arginase-1 expression, which is mediated by HIF-2α activation in monocyte-derived macrophages (47). Therefore, when IL-6 is knocked out in glioblastoma-associated endothelial cells, glioblastoma-bearing mice display an increased survival rate (47). Moreover, macrophages generated from peripheral blood monocytes and incubated with macrophage colony-stimulating factor (M-CSF) induce high levels of DC-SIGN, which could also be achieved by incubation of monocytes with conditioned media from cancer cell lines containing high levels of IL-6 and IL-10 (48). The DC-SIGN protein expression is commonly observed in macrophages found in patient tumor stroma, and has been reported to be associated with high levels of VEGF, as well as a proangiogenic phenotype (48, 49). TGF-β is also known to be secreted by various cancer cells, including breast (50), lung (51), and liver cancer cells (52). Among the cytokines secreted from hepatocellular carcinoma, TGF-β induced Tim3 signal, activated NF-kB and STAT6, increased IL-6 and IL-10, and decreased IL-1 in macrophages (53). The IL-6 released from these macrophages, but not IL-10 and GM-CSF, suggests that cancer cells are promoting their proliferation in a paracrine manner (53). When TGF-β is blocked by antibodies, human monocyte-derived macrophages differentiated by M-CSF have increased secretion of IL-10 and decreased levels of IL-12 (54). High levels of TNF-α are found in cancer and non-cancer proinflammatory environments (55). TNF-α produced by the cancer affects macrophage SINGLEC1 expression, which is found in high levels on tumor-associated macrophages (56). SINGLEC1 and CCL8 expression on macrophages are independent prognostic markers for poor survival (56). Taken together, these observations show that monocyte-derived macrophages secrete cytokines associated with tumor promotion or contribute to the cancer progression in response to cancer-derived cytokines.



EFFECT OF TUMOR-DERIVED CYTOKINES ON TISSUE-RESIDENT MACROPHAGES

There has been less research done on the role and responses of tissue-resident macrophages in the tumor microenvironment, leaving us with a sketchier understanding. However, several studies show distinguishing features of monocyte-derived and tissue-resident macrophages in tissues (2, 57). Additionally, there are several reports showing that tissue-resident macrophages are involved in tissue remodeling rather than inflammatory conditions (58). Despite these reports, it is still not clear what the exact role(s) of this tissue-resident macrophage in the tumor microenvironment are. It has been reported that the recruitment of macrophages in CCR2−/− mice to pancreatic ductal adenocarcinoma tumors were reduced (34). However, it was noted that this reduction did not affect pancreatic ductal adenocarcinoma tumor growth (2). This result suggests that pancreatic cancer growth is regulated by CCR2+ monocyte/macrophage-independent mechanisms (2). In contrast, this report demonstrated that these tissue-resident macrophages are able to self-renew in tumors due to tumor-derived CSF-1 and promote tumor progression (2). A recent study partially explained this phenotype by showing that CSF1/2 regulates both proliferation and angiogenic capacity of cardiac tissue-resident macrophage by regulating KFL4 levels (59). In ovarian cancer, bioinformatics analyses showed that tumor-associated macrophages are similar to tissue-resident macrophages, but not monocyte macrophages (60). At the same time, the phenotype and function of tumor-associated macrophages accumulating in breast cancer tumors is different from that of breast tissue-resident macrophages (61). As such, macrophage characteristics in each organ are different, and it differs in distinct tumor microenvironments. How the different macrophage types respond in a given situation in a cancer would therefore require further detailed studies.



TUMOR-DERIVED EXTRACELLULAR VESICLES

Small extracellular vesicles (sEVs) are derived from cells without being able to self-replicate (62). Fusion of multi-vesicular bodies (MVBs) with the plasma membrane allows the release of sEVs into the extracellular environment (63). These sEVs play an important role in the intercellular communication within the tumor microenvironment. Depending on the origin of the cell, the extracellular vesicles have a different content, and therefore, the extracellular vesicles released from the cancer cells are different from the corresponding normal cells (64). sEVs contain various bioactive compounds such as proteins, lipids, mRNAs and microRNAs (65–67). It has been reported that tumor-derived sEVs can be distributed to various organs and lymph nodes through blood and/or lymphatic vessels (68). These vesicles are not only found to be retained in distal tissues, but have also shown to be taken up, for example, by cells in the brain and bone marrow (68, 69). Therefore, it is reasonable to suggest that tumor-derived EVs are capable of changing the characteristics and behavior of their target cells. As such, these compounds have been shown to affect the phenotype and cellular function of recipient cells in different organs, including immune cells, and especially macrophages.



EFFECTS TUMOR-DERIVED EXTRACELLULAR VESICLES IN MONOCYTE-DERIVED MACROPHAGES

Breast cancer-derived sEVs containing high levels of gp130 activate STAT3 signaling in monocyte-derived macrophages (70). The proportion of CD163+CD206highHLA-DRlow macrophages, derived from human blood CD14+ monocytes, was shown to be increased after incubation with hypoxic lung cancer-derived extracellular vesicles enriched for microRNA-103a (71). MicroRNA-103a in turn targets PTEN to activate AKT and STAT3 pathways (71). Y RNA, hY4 is another small non-coding RNA found in sEVs from chronic lymphocytic leukemia (72). These sEVs induced secretion of CCL2, CCL4, and IL-6, as well as expression of PD-L1, in monocytes and macrophages (72). Furthermore, these macrophages with activated AKT and STAT3 signaling pathways, and increased levels of PD-L1 induce a reduced immune response and therapeutic resistance (73). Altogether, these studies suggest that sEVs derived from cancer cells are capable of polarizing monocyte-derived macrophages to tumor-associated macrophages.



EFFECTS OF TUMOR-DERIVED EXTRACELLULAR VESICLES ON TISSUE-RESIDENT MACROPHAGES

Recently, there have been a number of reports suggesting that tumor-derived EVs induce premetastatic niche formation by altering myeloid cell phenotypes, including that of monocytes and macrophages (74, 75). Apart from these publications, there has not been much research reported on the impact of tumor-derived sEVs on tissue-resident macrophages. A few examples on the role of sEVs come from glioblastoma and microglia work, possibly due to brain-resident macrophages being mostly of embryonic origin (30). Glioblastoma stem-like cells secrete EVs, which induce membrane type 1-MMP (MT1-MMP) in microglia with strong tumor-supportive functions (76). Similarly, these vesicles are enriched for miR-451 and miR-21, which are transferred to microglia. In these cells, the microRNAs decrease c-myc levels, inducing gene expression alterations in favor of protumoral phenotypes (77). Additionally, sEVs might change extracellular matrix composition via MT1-MMP and c-myc, which induces cancer cells migration and invasion (78, 79). However, more research is required to understand the interactions and roles cancer-secreted EVs exert on tissue-resident macrophages.



CONCLUSION

Although much research has been conducted on understanding the responses of macrophages to cytokines and EVs, most of these studies were done in cell culture settings. While very informative, more recent literature suggests that the tissue-context dimension, which cannot be mimicked in cell culture, has an enormous impact on macrophage responses. Without a detailed knowledge of the macrophage-lineage specific response to certain stimuli in the tumor microenvironment context, it is very difficult to ascertain the roles and therefore, the best macrophage-targeting interventions in a cancer setting. This review described how tumors affect monocyte-derived and tissue-derived macrophages by dividing the roles of soluble factors and EVs (Figure 2). This summary and interpretation highlight some areas of cancer macrophage biology requiring further research so we can better understand the intricate relationship between cancer cells and macrophages. Many studies have evaluated the tumor microenvironment by using conditioned media, focusing on the role of single or small sets of cytokines and/or sEVs. However, regional differences within the microenvironment as well as spatial/regional regulation mechanisms of macrophages are not understood at any depth (69). It will be very exciting, using more comprehensive approaches in animal models and patient samples, to interrogate on single cell levels in situ how macrophages phenotypes are differentially regulated with important implications for our understanding of cancer progression and developing novel therapeutic approaches. Recently, many studies have been conducted targeting tumor-associated macrophages. For example, it has been reported that activation of CD206 by RP-182 on tumor-associated macrophages reprograms these cells and increases their anti-tumor activity (80). In addition, increased legumain, a lysosomal peptidase, in tumor-associated macrophages increases CD8 T cell activity (81). Understanding the macrophage origin and how these types of macrophages respond to the tumor microenvironment will be essential to develop better cancer therapies in the future.
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FIGURE 2. Response of monocyte-derived macrophages and tissue-resident macrophages in tumor microenvironment. Both monocyte-derived macrophages and tissue-resident macrophages are able to be associated to tumor progression. Monocyte-derived macrophages in tumor microenvironment are more induced to immune modulation and macrophage cells survival signaling. On the other hand, tissue-resident macrophages are more associated to the change in extracellular matrix and proangiogenic signaling.
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Background: KDM5C is a histone H3K4-specific demethylase, which has multiple biological functions during development and disease. However, the role of KDM5C in intrahepatic cholangiocarcinoma (ICC) remains unknown.

Methods: Expression levels of KDM5C in ICC patients were determined by qRT-PCR, western blotting and immunohistochemical assay. The functions of KDM5C in cell proliferation and invasion were determined in human ICC cells and mouse xenograft model using KDM5C overexpression and knockdown strategies in vivo. RNA-seq analysis was applied to investigate the transcriptional program of KDM5C. In addition, ChIP-qPCR was used to determine the regulation of FASN by KDM5C.

Results: Here, we show that KDM5C was downregulated in human ICC, where its diminished expression was associated with poor prognosis. ICC cell proliferation and invasion were inhibited by KDM5C overexpression. Moreover, KDM5C suppressed ICC proliferation and metastasis in vivo. RNA-sequencing showed that KDM5C inhibits key signal pathways of cell proliferation, cell invasion and fatty acid metabolism. ChIP-qPCR revealed that overexpression of KDM5C led to the reduction of H3K4me3 on the promoter and the corresponding downregulation of the expression of FASN, which represents the major target gene of KDM5C to mediate the proliferation and invasion of ICC cells.

Conclusions: Our results revealed the role of KDM5C as a novel tumor suppressor in ICC largely by repressing FASN-mediated lipid acid metabolism and thus KDM5C may contribute to the pathogenesis of ICC.

Keywords: KDM5C, FASN, cell proliferation, cell invasion, intrahepatic cholangiocarcinoma


INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) accounts for 10–20% of newly diagnosed liver cancers, which is the second most common primary malignancy in the liver only after hepatocellular carcinoma (HCC) (1, 2). ICC exerts destructive effects on gastrointestinal tract, and the mortality rates are almost equal to the incidence rates (1, 3). Much interest has recently been attached to epigenetic remodeling, transcriptional regulation and cell metabolism of ICC cells (4). Dysregulation of epigenetic modifications especially DNA methylation and histone modifications induces aberrant gene expression, making individuals prone to diet-related disorders, such as cancer (5). Abnormal histone modifications can be associated with metabolism-related tumors, reinforcing the concept that histone modifiers have a critical role in these processes (6–9). Thus, elucidating the pathogenesis of ICC, encompassing epigenome destabilization and metabolic disturbance, may facilitate the development of targeted therapies.

Previous research has established that dynamic histone modifications by histone lysine methyltransferases (KMTs) and demethylases (KDMs) play a key role in a variety of biological processes such as cell differentiation and tumor aggressiveness (10). Histone demethylases (KDMs) that contain the Jumonji-C (JmjC) domain catalyze demethylation of histone mainly (11). Lysine-specific histone demethylase 5C (KDM5C) (also called JARID1C) is a family member of JmJC-KDMs, which specifically catalyzes H3K4me3/me2 demethylation and inhibits gene transcription by decreasing H3K4 methylation (12). In the aspect of cancer, KDM5C has both oncogenic and anti-oncogenic properties like a double-edged sword. KDM5C overexpression predicts poor prognosis in HCC, where it has been implicated as an oncogene promoting cell invasion and metastasis (13). KDM5C has also been observed to be overexpressed and promote tumor growth in prostate cancer (14). In contrast, KDM5C plays a tumor-suppressing role in cervical cancer, breast cancer and renal carcinoma (15–17). Nevertheless, the exact effect of KDM5C on ICC is unclear.

Recent studies have found that altered lipid metabolism is a new hallmark of cancer (18–20). Enhanced lipid synthesis, uptake, and storage contribute to rapid tumor growth and malignant progression (21). Lipids act as basic structures of cancer cell membranes, besides, they can also function as signaling molecules and energy source.

Exogenous intake and de novo fatty acid synthesis provide two sources for fatty acids (FA), which produce many lipids. Both energy generation via fatty acid oxidation (FAO) and protein post-translational modifications of cancer cells rely on de novo fatty acid synthesis (22, 23). Tumor cells will depend on exogenous fatty acids, if anabolic pathways can not meet the rapid growth requirements (24). Fatty acid synthase (FASN), which catalyzes the synthesis of palmitate and 16-carbon long fatty acid from acetyl-CoA and malonyl-CoA, is a critical enzyme responsible for de novo fatty acid synthesis. Previous studies found that FASN is strongly upregulated in cancers such as prostate cancer, colorectal cancer, bladder cancer, ovary cancer, and lung cancer (25–30). To our knowledge, the relationship between KDM5C and FASN has not been studied.

In this study, we demonstrate that ICC patients have dramatically lower expression of KDM5C, which was consistent with the finding that KDM5C overexpression inhibits proliferation and invasion of ICC cells, which is largely ascribed to its modulation of FASN expression. These results indicate that KDM5C has an important role in the pathogenesis of ICC.



MATERIALS AND METHODS


Patients, Clinical Samples, and Follow-Up

We collect a total of 190 ICC samples, 18 pairs of ICC tissues and its matched normal adjacent liver tissues from patients who had undergone curative hepatectomy at Zhongshan Hospital, Fudan University (Shanghai, China) from January 2006 to December 2010. The 190 samples were used for IHC assay and the 18 pairs of matched tissues were used for RT-qPCR assay, respectively. Previous studies have described the follow-up procedures (31). We obtained the written informed consent from each patient before surgery. The Zhongshan Hospital Research Ethics Committee approved the study protocol. The entire study process complied with the ethical guidelines of the 1975 Declaration of Helsinki (as revised in Brazil in 2013).



Immunohistochemistry (IHC) and Tissue Microarray (TMA)

IHC staining procedures on tumor arrays were performed as described in previous studies (32). LeicaQWin Plus v3 software (Leica) was used to capture photographs of 3 representative fields. Image-Pro Plus v6.0 (Media Cybernetics) software was used to quantify the intensity of these proteins. We calculated the ratio of integrated optical density of positive staining to total area of each photograph as the expression intensity of these proteins as described in previous studies (33). The cut off of KDM5C or FASN was defined as the median of the values.



Cell Culture, Plasmids, and Transfection

RBE and HCCC9810 cell lines were obtained from the Cell Bank of Shanghai Institutes of Biological Sciences, Chinese Academy of Sciences. HuH28, HuCCT1, and CCLP1 were provided by Prof. Qiang Gao (Liver Cancer Institute, Zhongshan Hospital, Fudan University). RBE and HCCC9810 were cultured in Dulbecco's modified Eagle's medium (Gibco, 31885–023) and CCLP1 were cultured in 1,640 medium (Gibco, 72400047) supplemented with 10% fetal bovine serum (Gibco, 10099–141), 20 U/mL penicillin and 20 μg/mL streptomycin (Sigma-Aldrich), with a 5% CO2 concentration at 37°C. HuH28 was cultured in MEM medium (Gibco, 42360032) supplemented with 15% fetal bovine serum (Gibco, 10099–141), 20 U/mL penicillin and 20 μg/mL streptomycin (Sigma-Aldrich), with a 5% CO2 concentration at 37°C.

Full-length cDNA encoding human KDM5C and FASN were cloned into pCDH-CMV-MCS-EF1-Puro (CD510B-1, System Biosciences) with or without Flag-tagged using standard protocols. The shRNA sequences for KDM5C and FASN were purchased from Sigma-Aldrich and cloned into pLKO.1 TRC (Addgene plasmid 10,879). Details about the sequences used here can be found in Table S3. We used a scrambled siRNA precursor (Scr) as control. DNA sequencing and western blot were performed to verify the constructions. Plasmids and shRNAs were transfected into cell lines through lipofectamine 2,000 (Invitrogen) like previous descriptions (32).



Colony Formation Assays and Proliferation Assays

ICC cells were seeded at a density of 1,000 per well in six-well plates and cultured for 14 days, and then fixed and stained with crystal violet. Only colonies, clusters of more than 50 cells and visible to the naked eye, were counted.

The cell proliferation of CCLP1 and HCCC9810 cells were detected by using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) as described previously (34). Each experiment was performed for more than three times.



Oxygen Consumption Rates Assay

A Seahorse Bioscience XFe 96 analyzer (Seahorse Bioscience, North Billerica, USA) was used to perform the OCR assays according to the manufacturer's instructions. ICC Cells were seeded into the Seahorse 96-well plate at a density of 1.5 × 104 cell/well. Twelve hour later, we added 1 μM oligomycin, 1 μM FCCP and 0.5 μM Rotenonr/antimycin A into different ports of the Seahorse cartridge as described previously (35).

Each point was the average of six independent measurements.



Chromatin Immunoprecipitation (ChIP)

We performed ChIP assays essentially as described previously (36). In brief, we harvested and crosslinked the cells with 1% formaldehyde for 10 min at room temperature. After sonication, we incubated the soluble chromatins with the following antibodies separately: anti-H3K4me3 (ab8580, Abcam); anti-KDM5C (ab34718, Abcam) or control IgG (ab172730, Abcam). Chromatin immunocomplexes were then precipitated with Protein A (16–661, Millipore) or Protein G (Millipore, 16–662). The immunoprecipitated complex was washed, and DNA was extracted and purified by QIAquick PCR Purification Kit (Qiagen). ChIP DNA was analyzed by qPCR using specific primers, and the data were normalized by input DNA. The primers used for ChIP-qPCR were as follows: human FASN (5′-ACAAAGGTGGAGATGGAGCT-3′, 5′-TCGGAGAACTTGCAGGAGT-3′).



In vivo Tumor Growth and Metastasis Assays

The Animal Ethics Committee of Shanghai Medical College, Fudan University approved all animal experiments. We injected HCCC9810 cells overexpressed with KDM5C or empty vector as control subcutaneously into the flanks of 5 weeks old male nude mice (6 × 106 cells/mouse, n = 8 for each group).

We measured tumor volumes every 4 days. Mice were sacrificed 28 days after injection. Xenograft tumors were collected and tumor weight was measured. To establish metastatic mouse model, we injected HCCC9810 cells overexpressed with KDM5C or empty vector as control into the intraperitoneal cavity of nude mice (3 × 106 cells/mouse in 200 ul PBS).

Mice were sacrificed 6 weeks after injection. Mesenteric lymph nodes were removed and analyzed as privously (34, 37).



Statistical Analysis

Results are expressed as mean ± SD and all statistical tests were performed as 2 sided. For data normally distributed, we performed Student's t-test, while the non-parametric exact Wilcoxon's signed-rank test was used to compare data not normally distributed. Cumulative survival time was estimated by the Kaplan-Meier method, and the log- rank test was applied to compare the groups. The variables in predicting the overall survival (OS) and the disease-free survival (DFS) were assessed by multivariate Cox proportional hazards regression models. p < 0.05 was considered statistically significant.


Supplemental Materials

Additional materials and methods, figures and figure legends, and supplemental tables are provided in the Supplemental Materials.





RESULTS


Reduction of KDM5C Expression Is Correlated With Poor Prognosis in ICC

To investigate whether KDM5C might be involved in the progression of ICC, we measured the mRNA expression level of KDM5C in ICC tissues (n = 18) and its matched normal adjacent liver tissues (n = 18) using qRT-PCR assays. The expression of KDM5C was significantly downregulated in ICC specimens, compared with normal liver tissues (Figures 1A,B). Consistently, Western blot analysis of KDM5C in ICC tissues showed the similar results (Figure 1C). We first divided the 190 cases with ICCs into two subgroups: “low KDM5C expression (n = 95)” and “high KDM5C expression (n = 95),” in order to determine the relationship between KDM5C expression and clinicopathological parameters. The representative images of high-KDM5C and low-KDM5C are showed in Figure 1D. We only found significant correlations between KDM5C expression and regional lymph node metastasis (p = 0.009), and tumor-node-metastasis stage of ICC (p = 0.013) (Table S1). Patients with high KDM5C expression had both higher overall survival (p = 0.002) and better disease-free survival (p = 0.030) (Figures 1E,F and Table S1) than the low KDM5C expression group. To sum up, these results suggest that, contrary to the increased expression of KDM5C in hepatic carcinoma (which plays a carcinogenic role), the decreased expression of KDM5C in ICC is correlated with a poor prognosis.
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FIGURE 1. Reduction of KDM5C expression is correlated with poor prognosis in ICC. (A) qRT-PCR assay of KDM5C mRNA expression in 18 paired groups of specimens of human ICC and non-tumor adjacent tissues. (B) Comparison of the expression of KDM5C mRNA in human ICC and adjacent non-tumor liver tissues. The mRNA level of KDM5C was significantly downregulated in ICC tissues. (C) Western blot analyses of KDM5C in human ICC and adjacent non-tumor liver tissues. (D) Immunohistochemical patterns of KDM5C of human ICC specimens. Scale bars, 50 μm (upper) and 20 μm (lower). (E,F) Kaplan-Meier survival analysis of the overall survival (E) and disease-free survival (F) of ICC patients which were divided into two different groups according to the protein levels of KDM5C, which were determined by immunohistochemical assay. Data are presented as the mean ± SD. ***p < 0.001. All results are from three independent experiment.




Overexpression of KDM5C Inhibits ICC Growth and Metastasis in vitro and in vivo

The functional relevance of KDM5C to the biological behaviors of ICC was then investigated in vitro and in vivo. First, we analyzed the expression level of KDM5C in a panel of ICC cell lines. KDM5C protein levels of HuCCT1 and CCLP1 cells with high potentiality of metastasis were much lower than that of the other with low potentiality of metastasis (Figure S1). To investigate the role of KDM5C in ICC, CCLP1 and HCCC9810 cells were lentivirally transduced with empty control or KDM5C-expression cassette to achieve stable over-expression, respectively (Figure 2A). Cell proliferation assays showed that overexpression of KDM5C strongly decreased cell proliferation in CCLP1 and HCCC9810 cells (Figure 2B). Consistently, KDM5C overexpression decreased the colony-forming potential of these two ICC cell lines. (Figure 2C) Furthermore, Matrigel invasion assays revealed that KDM5C overexpression significantly weakened the invasion ability of ICC cells (Figure 2D).
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FIGURE 2. Overexpression of KDM5C inhibits ICC growth and metastasis in vitro and in vivo. (A) Western blotting assay of KDM5C protein in CCLP1 and HCCC9810 cells stably transduced with vector control or KDM5C-expressing vector. (B) Cell Counting Kit 8 assay of cell proliferation after KDM5C overexpression in CCLP1 and HCCC9810 cells. (C) Colony formation assay and statistical analysis of the colonies of CCLP1 and HCCC9810 cells upon overexpression of KDM5C. (D) Matrigel invasion assay and statistical analysis of invaded cells of CCLP1 and HCCC9810 cells upon overexpression of KDM5C. Scale bars, 100 μm. (E) HCCC9810 cells transduced with vector control or KDM5C-expressing vector and subcutaneously injected into nude mice, mice were sacrificed after 32 days and the tumor weight was measured. (F) The dynamic changes of tumor volume in subcutaneous models was shown at 32 days after injection. (G,H) Representative intraperitoneal metastasis and the number of mesenteric lymph nodes metastases after KDM5C overexpression in HCCC9810 cells. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. All results are from three independent experiments.


To further explore the role of KDM5C in vivo, we injected HCCC9810 cells overexpressed with empty control or KDM5C into immunocompromised nude mice. Critically, the tumor sizes of the xenografts were significantly smaller in KDM5C-overexpressed group than control (Figures 2E,F). We injected KDM5C-overexpressed HCCC9810 cells into the intraperitoneal cavities of nude mice, to further evaluate the effects of KDM5C on metastasis. We counted the number of metastatic mesenteric lymph nodes per mouse and discovered that overexpression of KDM5C could significantly reduce the metastases to mesenteric lymph nodes (Figures 2G,H). Thus, these results suggested that KDM5C inhibits tumor growth and metastasis of ICC.



KDM5C Inhibits Key Regulators of Cell Proliferation, Cell Invasion, and Fatty Acid Metabolism

In order to better understand the mechanisms of KDM5C engaged in ICC, we performed gene expression profiling of HCCC9810 cells overexpressed with empty control or KDM5C. Our analysis identified ~3,000 differentially expressed genes after KDM5C overexpression (fold change ≥1.5, p < 0.05, Figure 3A and Supplementary Data 1). We performed gene set enrichment analysis (GSEA) to identify potential signaling pathways interfered by the gain of function of KDM5C, so as to gain further insights into the molecular pathways regulated by KDM5C. Consistent with the observation above, GSEA revealed significant negative enrichment for the gene signatures associated with cell cycle (Figures 3B,C), cell proliferation (Figure 3D), and cell invasion (Figures 3D–F) in KDM5C-overexpressed HCCC9810 cells. Interestingly, GSEA also showed a negative enrichment for the gene signature associated with fatty acid metabolic pathway (Figures 3G,H, Figures S2A,B). Likewise, gene ontology (GO) analyses revealed that the genes differentially expressed upon KDM5C overexpression were enriched in functional categories linked to fatty acid metabolic process (Figure S2C). Consistently, KDM5C overexpression in HCCC9810 cells altered the mRNA levels of a number of key regulators of fatty acid metabolism (Figure 3I). Genes involved in positive regulation of fatty acid metabolism including LPIN1 (38) and FASN (39) were decreased by KDM5C overexpression. In contrast, the fatty acid metabolism blockers, CYGB and CYP7A1, were enhanced by KDM5C overexpression. Reprogramming of metabolic pathways in cancer cells has been shown to support cancer cell proliferation and survival (40–42). Among these downregulated fatty acid metabolic genes, the adjusted p-value of FASN ranked at the top (Figure 3I).
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FIGURE 3. KDM5C inhibits key regulators of cell proliferation, cell invasion and fatty acid metabolism. (A) Heatmap showing the differentially expressed genes between HCCC9810 cells stably transduced with control or KDM5C-expressing vector (fold change ≥1.5, p < 0.05). (B–H) GSEA of the expression profile of HCCC9810 cells upon overexpression of KDM5C using cell cycle checkpoint-associated signatures (B,C), liver cancer proliferation-associated upregulated or downregulated signatures (D,E), an invasion-associated signature (F) and fatty acetyl-CoA biosynthesis-associated signatures (G,H). (I) Heatmap showing the differentially expressed genes of HCCC9810 cells upon overexpression of KDM5C, which focused on a set of genes of fatty acid metabolism. (J,K) FASN expression after KDM5C overexpression (in CCLP1 and HCCC9810 cells) and KDM5C knockdown (in CCLP1 and HCCC9810 cells) (J), relative FASN protein levels were normalized against β-actin using paired t-test and EV acted as control (K). (L) Cellular free fatty acid was measured in HCCC9810 and CCLP1 cells with EV or KDM5C overexpressed. (M) Oxygen consumption rates (OCR) were measured after KDM5C overexpression in HCCC9810 cells. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. All results are from three independent experiments.


FASN plays an important role in palmitate synthesis which is a precursor of fatty acids, and is upregulated frequently in many human cancers (39, 43, 44). It has been proven to be essential for cancer cell survival, and its overexpression has been correlated with a poor prognosis and a higher risk of recurrence in different tumors (43–45). These data made us assume that KDM5C may work through FASN. To verify this hypothesis, we first determined whether FASN is a downstream target of KDM5C in ICC cells. The expression of FASN in ICC cells with altered KDM5C levels was further assessed by Western blot. KDM5C-overexpressing CCLP1 and HCCC9810 cells exhibited greatly decreased protein expression of FASN (Figures 3J,K), whereas silencing KDM5C dramatically increased its protein levels (Figures 3J,K). Consistent with the results obtained in KDM5C-overexpressed ICC cells, KDM5C knockdown significantly enhanced cell proliferation and invasion in CCLP1 and HCCC9810 cells (Figures S2D–G). As fatty acids directly linked to FASN function, we measured the free fatty acids in ICC cells caused by KDM5C overexpression or KDM5C knockdown. The free fatty acids were significantly downregulated by KDM5C overexpression and were upregulated by KDM5C knockdown (Figure 3L, Figure S2H). Furthermore, we monitored cellular oxygen consumption rates (OCR) by using oligomycin, FCCP, rotenone/antimycin A. We found that the OCR was significantly decreased in the KDM5C-overexpressing ICC cells compared with control cells (Figure 3M), suggesting that cellular bioenergetics metabolism was inhibited by abnormal expression of KDM5C. Therefore, we speculated that the suppression of tumor growth and metastasis of KDM5C may be associated with fatty acid metabolic pathway.



FASN Represents the Major Target Gene of KDM5C to Regulate Cell Proliferation and Invasion

To investigate whether KDM5C inhibits cell migration and invasion through regulating FASN expression, we restored FASN expression in KDM5C-overexpressed CCLP1 and HCCC9810 cell lines (Figure 4A). Firstly, we found the OCR was significantly increased upon restoration expression of FASN in KDM5C-overexpressed cells (Figure 4B, Figure S3A). Secondly, colony formation assay showed that overexpression of FASN could dramatically rescue the cell proliferation arrest induced by overexpression of KDM5C in HCCC9810 cells (Figure 4C). What is more, cell invasion assay revealed that overexpressing FASN significantly reversed the reduction of cell invasion ability caused by KDM5C overexpression (Figure 4D). To further conform whether the downstream metabolites of FASN could restore cell proliferation and invasion by KDM5C overexpression, we added exogenous fatty acids into the culture system of KDM5C-overexpressed ICC cells. Interestingly, the cell proliferation and invasion restrained by KDM5C overexpression could significantly rescued by adding exogenous fatty acids (Figures S3B–E). In general, these data demonstrated that KDM5C represses the proliferation and invasion of ICC cells via mediating FASN expression.
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FIGURE 4. FASN represents the major target gene of KDM5C to regulate cell proliferation and invasion. (A) Western blotting assay of FASN and KDM5C protein of FASN and/or KDM5C overexpression experiments in CCLP1 and HCCC9810 cells. (B) Oxygen consumption rates (OCR) were measured after restoration of the expression of FASN in control or KDM5C-overexpressed cells. (C) Colony formation and mean number of colonies after restoration of the expression of FASN in control or KDM5C-overexpressed cells. (D) Quantification of invaded cells after restoration of the expression of FASN in control or KDM5C-overexpressed cells were shown. Scale bars, 100 μm. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. All results are from three independent experiments.




KDM5C Regulates Dynamic H3K4me3 Modifications in the Promoter Region of FASN

In order to make clear the way KDM5C regulates FASN expression, we analyzed the public ChIP-seq database which is processed by Cistrome analysis pipeline, and found a strong binding site of KDM5C in the promoter region of the gene locus of FASN in breast cancer cells (Figure 5A). We decided to examine the function of this region in the regulation extracted from the empty control and KDM5C-overexpressed HCCC9810 cells. ChIP-qPCR assay showed that the reduction of H3K4me3 was evident around the promoter of FASN upon KDM5C overexpression (Figure 5B). In parallel, ChIP–qPCR assay on the potential KDM5C-binding site in the promoter of FASN, where the H3K4me3 abundance was significantly reduced, showed that the occupancy of KDM5C was significantly accumulated by KDM5C overexpression in HCCC9810 cells (Figures 5C,D). Consistent with the predicted role of KDM5C as a transcriptional repressor through removing the histone activation marker H3K4me3, our results revealed that FASN is targeted directly by KDM5C during the progression of ICC.
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FIGURE 5. KDM5C regulates dynamic H3K4me3 modifications in the promoter region of FASN. (A) Genome browser track representing the binding sites of KDM5C at FASN gene locus in breast cancer cells. (B–D) ChIP-qPCR assay of H3K4me3 (B), KDM5C (C) or IgG (D) occupancy at FASN gene locus in HCCC9810 cells transduced with control or KDM5C-expressing vector. Data are presented as the mean ± SD. ***p < 0.001. All results are from three independent experiments.




FASN Expression Negatively Correlates With KDM5C Expression in ICC Patients

The clinical significance of KDM5C and FASN in human ICC was further investigated. Firstly, we divided the 190 cases with ICCs into two subgroups: “low FASN expression (n = 95)” and “high FASN expression (n = 95)” so as to analyze the relationship between FASN expression and clinicopathological parameters (Table S1). FASN expression and the clinicopathological parameters listed in the Table S1 had no statistical connections. The correlation between FASN expression and the OS and DFS of selected patients was analyzed with K-M survival analysis (Figures 6A,B). We found that both OS (p = 0.004) and DFS (p = 0.012) were shorter in high FASN expression group significantly than its low counterpart. Then, patients were divided into four groups according to KDM5C and FASN expression. Survival analysis showed that patients with low FASN and high KDM5C expression pattern had the longest OS (Figure 6C) and DFS (Figure 6D), whereas patients with the high FASN and low KDM5C expression pattern had the shortest OS (Figure 6C) and DFS (Figure 6D) and vice versa (p < 0.001, r = −0.416, Figure 6B). Furthermore, univariate and multivariate analyses proved FASN and KDM5C to be independent prognostic indicators for both OS (p = 0.003) and DFS (p = 0.012) (Table S2). In conclusion, these results manifested that there is a negative correlation between the expression of KDM5C and FASN. Besides, KDM5C plays a protective role in patients with ICC and can be used as a good indicator for prognosis.
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FIGURE 6. Prognostic value of KDM5C and FASN for ICC patients. (A) Representative immunohistochemical images of high-FASN and low-FASN expression are shown. (B) Spearman's correlation analysis showed that KDM5C expression level was negatively correlated with FASN expression level in ICC tissues (p < 0.001, r = −0.416). (C) The overall survival and disease-free survival of FASN-low and FASN-high patients were analyzed with Kaplan-Meier survival analysis. (D) The overall survival and disease-free survival of different groups according to the expression patterns of KDM5C and FASN were analyzed with Kaplan-Meier survival analysis. All results are from three independent experiments.





DISCUSSION

KDM5C was reported to display a dual role as both an oncogene and a tumor suppressor (13–15, 17, 46). As an oncogene, KDM5C is found to be upregulated and promotes cell proliferation and metastasis in HCC and prostate cancer (13, 14, 46). In contrary, KDM5C acts as a tumor suppressor in clear cell renal carcinoma (ccRCC) (47), cervical cancer and breast cancers (15, 17). However, the function of KDM5C in ICC remains unknown. In our research, we discovered that the mRNA and protein expression levels of KDM5C were higher in ICC specimens than the non-tumor adjacent tissues significantly, and the downregulation of KDM5C was associated with poor prognosis in ICC, which suggested that KDM5C is somehow disrupted under pathological conditions. Furthermore, we also provided evidence to demonstrate KDM5C can inhibit the proliferation and invasion of ICC cells utilizing in vitro cell proliferation and invasion assay and in vivo experiments of ICC xenografts in nude mice. In conclusion, our results suggested that KDM5C efficiently represses cell proliferation and invasion and exerts tumor-suppressing activity in ICC cells. This is in contrast to the previous study which reported KDM5C functions as an oncogene in HCC (13). HCC and ICC are the two most common types of primary liver cancers. However, unlike HCC, ICC is a primary epithelial cancer arising within liver, which is rare, highly aggressive and often fatal (48). These observations indicated that KDM5C may have uncharacterized effects on cell survival, differentiation, proliferation and invasion, and KDM5C promotes the pathological process in a cancer cell type-dependent manner.

In cervical cancer, KDM5C represses the expression of the EGFR to function as a tumor suppressor (49). In this study, we observed that the EGFR was not significantly changed in gene expression profiling of KDM5C-overexpressed cells (Supplementary Data 1), while the fatty acid metabolic pathway were significantly restrained, suggesting that cellular bioenergetics metabolism was suppressed by the abnormal expression of KDM5C (Figures 3K,L). FASN was downregulated most significantly among all those downregulated genes (Figure 3I), which is reported to be crucial for the survival of cancer cells. Then, we found that, upon the restoration of FASN expression in KDM5C-overexpressing cells, the OCR was significantly increased, consistent with the enhanced cell growth and invasion ability. To our knowledge, this is the first research to show that KDM5C affects the biological behaviors of tumor cells by regulating fatty acid metabolism.

A hallmark of cancer is dysregulation of de novo lipid synthesis (50). Previous studies indicated that enhanced lipid synthesis provides energy for cancer cells and allows them to survive for a longer time (50–54). FASN catalyzes the synthesis of palmitate, a precursor of fatty acids. In different tumors, overexpression of FASN has been correlated with poor prognosis and higher risk of recurrence (50, 54). Regulation of FASN in cancers is partly owing to the transcriptional activation by SREBPs (55, 56). Additionally, FASN protein stabilization was reported to be enhanced by USP2a (50). Our results proved that downregulation of KDM5C upregulates the expression of FASN at mRNA level. In terms of mechanism, reduction of KDM5C increases the H3K4me3 modification in the gene promoter of FASN and thus induces its transcriptional activation. This is consistent with the function of KDM5C as specifically removes methyl residues from tri- and di-methylated lysine 4 on histone H3 lysine 4 (H3K4), and inhibits the expression of oncogenes in tumors (57). This novel regulatory effect of KDM5C on the transcriptional modification of FASN, which may be underlying the pathogenesis of ICC, can be a therapeutic target of ICC in future.



CONCLUSIONS

In this research, we verified that KDM5C has a novel tumor-suppressing role in ICC, which inhibits the proliferation of invasion of ICC cells both in vitro and in vivo. In terms of mechanism, we proved our viewpoint by inhibiting transcriptional activation of FASN through decreasing H3K4me3 modification at FASN gene promoter and thus suppresses FASN-mediated lipid acid metabolism and the proliferation and invasion of cancer cells. Therefore, KDM5C may be involved in the pathogenesis of ICC by targeting FASN, and can be a potentially effective therapeutic target for ICC in future.
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Immune checkpoint inhibitors (ICIs) targeting immune checkpoint proteins, such as CTLA-4 and PD-1/PD-L1, have demonstrated remarkable and durable clinical responses in various cancer types. However, a considerable number of patients receiving ICIs eventually experience a relapse due to diverse resistance mechanisms. As a result, there have been increasing research efforts to elucidate the molecular mechanisms behind resistance to ICIs and improve patient outcomes. There is growing evidence that the dysregulated metabolic activity of tumor cells generates an immunosuppressive tumor microenvironment (TME) that orchestrates an impaired anti-tumor immune response. Notably, the immunosuppressive TME is characterized by nutrient shortage, hypoxia, an acidic extracellular milieu, and abundant immunosuppressive molecules. A detailed understanding of the TME remains a major challenge in mounting a more effective anti-tumor immune response. Herein, we discuss how tumor cells reprogram metabolism to modulate a pro-tumor TME, driving disease progression and immune evasion; in particular, we highlight potential approaches to target metabolic vulnerabilities in the context of anti-tumor immunotherapy.
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INTRODUCTION

Immune checkpoint proteins are paired regulators of immune response. These molecules are crucial for self-tolerance, which blocks immune cells from attacking autologous cells aimlessly. However, by utilizing immune checkpoint pathways, cancer cells can send an “off” signal to anti-tumor immune cells and escape immune surveillance. Immunotherapy drugs called immune checkpoint inhibitors (ICIs) work by blocking checkpoint proteins from binding with their partner proteins, and this in turn decreases the “off” signal and enhances anti-tumor immunity. Immunotherapy promises to be more significant than any other form of treatment, especially for patients whose tumors have already metastasized. Two pathways that control immune inhibitory signals have been successfully targeted in clinical applications: (1) cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and its ligand B7 molecules and (2) programmed cell death 1 (PD-1) and programmed cell death ligand 1 (PD-L1) (1, 2). Antibodies against CTLA-4, PD-1, and PD-L1 have demonstrated durable clinical responses and have been approved by the U.S. Food and Drug Administration for various cancers (Table 1).


Table 1. U.S. Food and Drug Administration–approved immune checkpoint inhibitors for cancer treatment.

[image: Table 1]

Despite the promising clinical success of ICIs, ~60 to 70% of patients do not respond to immunotherapy as a single agent; in contrast, those who demonstrate initial response eventually develop resistance (3). A number of mechanisms of resistance to ICIs, including interferon (IFN)-γ signaling pathway mutations, JAK1/JAK2-inactivating mutations, the absence of antigen presentation, and the upregulation of IFN pathway-driven inhibitory immune checkpoints, have been well-investigated (4, 5). In addition, in the tumor microenvironment (TME), mounting evidence indicates that abnormal metabolic activities of cancer cells play an essential role in the suppression of the anti-tumor immune response and lead to tumor immune evasion and metastasis (6).

Therefore, a deep understanding of the metabolic differences between tumor and normal tissue and their impact on anti-tumor immune response will not only help expand therapeutic options, but also help overcome the issue of resistance over time. The impact of metabolism on the tumor cell itself, including the generation of redox equivalents, energy, and macromolecules (proteins, lipids, DNA, and RNA) has been well-addressed (7). In this review, we focus on how the abnormal metabolism of tumor cells modulates the TME profile and leads to tumor progression and immune evasion. Furthermore, on the basis of current knowledge of cancer cell metabolism, we highlight potential therapeutic strategies that could restrict tumor progression and enhance the anti-tumor effect of ICIs.



TUMOR METABOLIC STRESS SHAPES AN IMMUNOSUPPRESSIVE TME


Nutrient Competition

Nutrient competition between different cells can influence cell survival, growth, and function. The demand for nutrients is especially high in the TME, and the competition between tumor cells and immune cells can dampen the anti-tumor response (Figure 1).


[image: Figure 1]
FIGURE 1. The tumor metabolic stress shapes an immunosuppressive the tumor microenvironment. An overview of metabolic stress in the TME that mediates immune suppression. In the TME, cancer cells exhibit a substantial demand of nutrients, including glucose, amino acids, and fatty acids, and this contributes to the lack of dioxygen and maintains high production of H+. These metabolic stresses promote tumor cell growth, increase the expression of immune checkpoint proteins and immunosuppressive cytokines secretion, enhance the inhibitory function of regulatory T cells, and inhibit the anti-tumor effect of tumor-infiltrating cytotoxic T cells, thereby leading to an immunosuppressive TME.


Anti-tumor immunity is impaired by the competition for carbohydrates. Tumors exhibit high rates of glycolysis; thus, glucose is in high demand in tumor cells. One study showed that upregulated PD-L1 on tumor cells promotes mammalian target of rapamycin (mTOR) activity and glycolytic metabolism, which leads to tumor-mediated glucose restriction, alters CD8+ T-cell metabolism, and dampens the ability of T cells to produce IFN-γ. Even when tumors are highly antigenic, the competition for glucose still inhibits T-cell activity (8). Glucose deprivation also suppresses anti-tumor effector functions of intratumoral Th1 CD4+ T cells by limiting the Ca2+-NF-AT1 signaling pathway in CD4+ T cells (9).

Also damaging to anti-tumor response is the competition for amino acids. The enzyme indoleamine 2,3-dioxygenase (IDO), which catalyzes the essential amino acid tryptophan along the kynurenine pathway, is widely expressed in human cancers, and higher IDO expression is correlated with poorer prognosis in a variety of cancer types (10). Expression of IDO by tumor cells, dendritic cells, and macrophages leads to immune suppression within the TME (11–14). IDO contributes to immune regulation by producing kynurenine, a ligand for the aryl hydrocarbon receptor, and by consuming tryptophan to trigger amino acid-sensing signal transduction pathways. The upregulated kynurenine activates the aryl hydrocarbon receptor, which is a ligand-activated transcription factor (15), and increases immunosuppression by promoting differentiation of T-regulatory cells (Tregs) (16), and this in turn suppresses anti-tumor immune response (17) and decreases the immunogenicity of dendritic cells (16). Moreover, IDO expression leads to a rapid consumption of tryptophan in the tumor milieu (18). Below 0.5 μM tryptophan, T-cell proliferation is inhibited significantly (19). The reduction of tryptophan can also trigger stress-response pathways that respond to amino acid withdrawal, such as, general control non-derepressible 2 (GCN2) and mTOR. GCN2 responds to the presence of uncharged transfer RNA; amino acid insufficiency then activates GCN2, which leads to phosphorylation of its downstream molecule eukaryotic initiation factor 2α (eIF2α) (20). Phosphorylated eIF2α blocks the ribosomal translation of most mRNA species, and leads to cell-cycle arrest and functional anergy in CD8+ T cells (21). Activated GCN2 inhibits Th17 differentiation in CD4+ T cells but promotes immunosuppressive Treg differentiation and activity (22, 23). Thus, the depletion of tryptophan may impair anti-tumor response by inhibiting CD8+ cells function while promoting Treg activities. Targeting IDO-kynurenine-tryptophan axis could be an effective strategy to enhance the efficiency of immunotherapy. The IDO1-specific inhibitor 1-methyltryptophan has been shown to significantly inhibit IDO1 activity, and the effects of 1-methyltryptophan in enhancing T-cell responses against tumor antigens, allograft antigens, and autoantigens in vivo have been validated (24, 25). In addition, some orally available IDO1 inhibitors, epacadostat, and navoximod, have demonstrated safety and could reverse tryptophan depletion and kynurenine accumulation (26).

Similar to competition for tryptophan, competition for L-arginine also triggers GCN2 and mTOR signaling (27, 28). T cells with increased L-arginine levels display improved anti-tumor activity due to a combination of phenotypic changes, including improved survival and maintenance of a T central memory-like phenotype. However, some studies showed that arginine supports tumor cell growth and suppresses anti-tumor immunity (29). In tumor cells, L-arginine is a substrate of nitric oxide synthase and arginase (30). Additional studies indicated that nitric oxide activates cyclooxygenase-2 (31), which suppresses type I interferon–mediated tumor eradication in melanoma, and upregulates tumoral PD-L1 expression (32, 33). Thus, arginine metabolism in tumor cells promotes tumor progression and immune evasion. Depletion of L-arginine in leukemia by the addition of a PEGylated form of the catabolic enzyme arginase I (peg-Arg-I) has demonstrated anti-tumor activity (34, 35). However, L-arginine depletion also suppresses T-cell responses in tumors by inducing myeloid-derived suppressor cell (MDSC) infiltration (36). Therefore, therapeutic strategies that specifically deplete L-arginine metabolism in tumor cells are needed to eradicate tumor without dampening anti-tumor immunity.

Emerging evidence also shows that tumors may engage in high rates of fatty acid uptake. The survival and metastasis of tumor cells depend on fatty acid uptake and consumption, and subsequent catabolism through fatty acid β-oxidation pathway (37). Indeed, limiting low-density lipoprotein uptake reduces the oncogenic properties of pancreatic adenocarcinoma and renders cancer cells more sensitive to chemotherapy (38). Given that CD8+ effector T cells also take up fatty acids at high rates (39), fatty acid may be another environmental nutrient that the CD8+ effector T cells require to compete with tumor cells in the TME.



Hypoxia

Hypoxia occurs when there is a shortage of dioxygen and tissues are inadequately oxygenated (40). In the TME, rapidly proliferation of tumor cells results in heterogeneously distributed zones of low oxygen concentration, which leads to hypoxic stress. Under such condition, hypoxia appears to be an important metabolic regulator that contributes to immunosuppression and tumor heterogeneity (41) (Figure 1).

Hypoxia can diminish anti-tumor immunity directly. One study showed that hypoxia abolishes the killing potential of natural killer (NK) cells by decreasing the surface expression of NK cell activating receptors NKG2D and CD16 (42). Hypoxia also induces T-cell apoptosis by inhibiting the expression of C-C motif chemokine receptor 7 (CCR7), which is essential for T-cell differentiation (43). Furthermore, while Treg infiltration in the tumor is associated with poor survival in patients with various cancers (17), hypoxia-activated hypoxia-inducible factor (HIF)-1 has been shown to promote Treg differentiation through upregulation of FoxP3 expression (44).

Hypoxia also suppresses anti-tumor immunity by upregulating immune checkpoint proteins. Tumor cells take advantage of this upregulation to suppress the anti-tumor function of immune cells through the interaction of the inhibitory costimulatory molecules with their ligands. Some studies showed that hypoxia-activated HIF-1α upregulates PD-L1 expression on tumor cells and immune cells by binding directly to a hypoxia response element in the proximal promoter of CD274 (encoding PD-L1) (45–47). The upregulated PD-L1 limits cytotoxic T-cell activity, and thus increases the resistance of tumor cells to cytotoxic T cell-mediated lysis. As potential clinical applications, nitric oxide signaling could block hypoxia-activated HIF-1α function (48). Nitroglycerin (also called GTN), an activator of nitric oxide signaling, blocks PD-L1 expression in hypoxic tumor cells and suppresses hypoxia-driven cytotoxic T-cell apoptosis, thereby increasing the sensitivity of tumor cells to T cell-mediated cytotoxicity (45). As a mechanism to disrupt tumor hypoxia, the hypoxia-activated prodrug TH-302 also demonstrated pre-clinical benefits in improving immunotherapy efficiency by promoting CD8+ T-cell effector function and diminishing MDSCs (47). CD47, also known as integrin-associated protein, interacts with macrophages expressing signal-regulatory protein α (SIRPα) and delivers a “don't eat me” signal to avoid phagocytosis and innate immune surveillance (49). CD47 is overexpressed in various types of cancer, and its overexpression is correlated with poor prognosis in patients (50, 51). One study showed that HIF-1α-dependent expression of CD47 leads to decreased phagocytosis of tumor cells, which promotes cancer progression and immune evasion (52). MHC class I chain-related (MIC) molecules A and B both play important roles in tumor immunosurveillance and are expressed on NK cells, lymphokine-activated killer cells, and cytotoxic T cells (53). MIC molecules are expressed in various types of carcinomas (54), and their interaction with natural killer group 2D receptor on NK, LAK, and effector T cells leads to the activation of those cells and the subsequent lysis of tumor cells (55). One study revealed that hypoxia-activated HIF-1α decreases the surface expression of MIC molecules and leads to immune escape. The study also revealed that activation of nitric oxide signaling interferes with this immune escape mechanism (56).

In addition, hypoxia induces the secretion of immunosuppressive molecules in tumor cells. Through HIF-1α activation, hypoxia induces the expression of vascular endothelial growth factor (VEGF) (57), which promotes tumor angiogenesis. Also, tumor-secreted VEGF promotes the infiltration of MDSCs in the tumor (58), which inhibits the anti-tumor function of T cells and contributes to tumor progression (59). Secreted VEGF restricts the maturation of dendritic cells, blocks antigen presentation, promotes macrophage polarization from anti-tumor M1 to pro-tumor M2, and enables immune escape (58, 60). Thus, VEGF is a promising target for immune therapy. Other hypoxia-induced molecules, such as, CCL28, recruit CC chemokine receptor 10-positive Tregs to the tumor region and facilitate tumor immune evasion (61).

Collectively, hypoxia not only promotes an immunosuppressive TME but also induces the expression of immune checkpoint receptors and immunosuppressive molecules, leading to immune surveillance escape.



Acidity

The TME of solid tumors is acidic because tumor cells favor aerobic glycolysis, which results in significant production of lactate and H+. With this metabolic preference, also known as the Warburg effect (62), the overabundance of lactate allows fast incorporation of carbon into biomass (e.g., nucleotides, amino acids, and lipids) and facilitates rapid cell proliferation (63). Although tumor cells maintain high production of H+, the major acidic metabolite is exported to the extracellular side. As a result, the TME becomes more acidic (64): the extracellular pH value inside patients' tumors is 6.9–7.0 (in contrast to 7.3–7.4 in normal tissues) (65), and in mouse tumor models, the tumor pH value is around 6.2–6.9 (66). Tumor acidity is important for tumor progression and metastasis (67) and is hypothesized to suppress the anti-tumor functions of immune cells (68) (Figure 1).

Acidic conditions have been found to inhibit the proliferation, differentiation, and cytokine production of cytotoxic T cells (69), and suppress their anti-tumor effects. However, the mechanisms underlying this process remain unclear. One possibility is that the pro-inflammatory cytokine IFN-γ is acid unstable and can be denatured in the acidic environment (70). IFN-γ is well-known to promote the recruitment of T cells through paracrine signaling. Notably, IFN-γ facilitates T cell-mediated killing by upregulating MHC class I expression on tumor cells and directly promotes tumor cell ferroptosis, a type of programmed cell death dependent on iron (70, 71). Furthermore, IFN-γ promotes the activation of M1 macrophages that are involved in anti-tumor immunity (72); assists in the differentiation of pro-inflammatory Th1; and inhibits pro-tumor Th2 differentiation (73). Thus, IFN-γ plays an anti-tumor role by maximizing the anti-tumor efficiency of M1 macrophages and CD8+ T cells. In turn, the denaturation of IFN-γ in the TME can suppress cytotoxic T cell-mediated tumor killing function and facilitate the polarization of the anti-tumor Th1 phenotype toward the pro-tumor Th2 phenotype, as well as prevent the activation of M1 macrophages (74). Therefore, in an acidic TME, tumor cells can easily evade immune surveillance and resist immunotherapy.

The negative impact of acidity on the anti-tumor activity of immune cells may manifest as clinical resistance. Indeed, studies showed that tumor acidity is correlated with poor prognosis in cancer patients who received ICI therapy (74, 75). Therefore, targeting acidity could be a promising strategy to improve immunotherapy efficiency. One option is to neutralize tumor pH by bicarbonate; after the pH value is neutralized in the TME, tumors showed improved response to ICIs as well as to adoptive T-cell therapy (76). Blocking the export of protons could also prevent tumor acidity. Tumor cells export intracellular protons by receptor enzymes, such as, V-ATPase. Esomeprazole, an inhibitor of V-ATPase, promotes the infiltration and effector function of IFN-γ+ cytotoxic T cells, suggesting that V-ATPase inhibition can increase the therapeutic potential of adoptive T cell immunotherapy (77). Collectively, the above findings indicate that tumor acidity induces immune evasion while inhibition of tumor acidity improves immunotherapy efficiency.




TUMOR METABOLITES PROMOTE TUMOR IMMUNE EVASION


Adenosine

Adenosine is a product of the enzymatic breakdown of adenosine 5′-triphosphate (ATP), which can directly influence adenosine receptor-expressing cells and promote tumor growth, survival, and metastasis. Both adenosine and ATP are present at very low levels in extracellular fluids (78). However, ATP can be released into the extracellular milieu by cells under stress due to hypoxia, apoptosis, necrosis, etc. (79). ATP is gradually catalyzed and dephosphorylated by two ectonucleotidases, CD39 and CD73 (80), which generates adenosine (81). High expression of CD39 and CD73 is strongly correlated with poor clinical outcomes in patients with various cancer types (81–83). These ectonucleotidases can be induced by hypoxia and are highly expressed on cells in the TME, including tumor cells, MDSCs, Tregs, and tumor-associated macrophages (81, 84–86).

Extracellular adenosine activates signaling pathways through G protein-coupled adenosine receptors (AR), A1, A2a, A2b, and A3, all of which are widely expressed in both immune cells and tumor cells in the TME (87). Adenosine-AR signals enables tumors to escape immune surveillance by suppressing the activity of multiple anti-tumor immune cells, including CD8+ T cells, dendritic cells, natural killer cells, and M1 macrophages, while enhancing the activity of immunosuppressive cell types, including MDSCs and Tregs. The adenosine-AR signals in dendritic cells upregulate IL-10, IDO-1, TGFβ, and arginase-2, thus facilitating naïve T-cell differentiation toward Th2 lineages and promoting tumor growth (87). Adenosine also limits natural killer cell differentiation, proliferation, and production of the pro-inflammatory cytokines IFN-γ and TNFα (88, 89). In macrophages, adenosine induces pro-tumor M2 macrophage polarization by reducing the expression of IL-2, TNFα, and nitric oxide but upregulating arginase-1, IL-10, and VEGF (87, 90).

The adenosine-AR axis also promotes immunosuppressive cell functionality. One study showed that adenosine-AR promotes MDSC expansion and facilitates their immunosuppressive activity (91). A2BR activation on MDSCs and tumor cells promotes tumor progression by inducing VEGF secretion and angiogenesis (83, 92). Adenosine accumulation also boosts cancer cell survival and proliferation by activation of AKT, ERK1/2, JNK, and protein kinase C δc (93).

Unlike adenosine receptor A2AR, A2BR, and A3, one study showed adenosine receptor A1 (ADORA1) signaling axis suppresses tumor PD-L1-mediated immune evasion (94). Downregulation and inhibition of adenosine receptor A1 (ADORA1) significantly induces tumor PD-L1 expression by promoting ATF3 transcriptional activity. Although the role of adenosine signaling in tumor immunity is different from that in immune cells, the antagonist of the adenosine receptor 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) has demonstrated synergistic effect with PD-1 antibody in melanoma and non-small cell lung cancer (NSCLC) (94).

Generally, adenosine exhibits a pro-tumor role in the TME (Figure 2). Therefore, targeting adenosine signaling pathways could be a promising anti-tumor strategy. CPI-444 is an orally available AR inhibitor; in a mouse model, it showed anti-tumor effect as a single agent and synergistic anti-tumor activity when combined with anti-PD-1/PD-L1 antibodies (95). Similarly, several AR antagonists in combination with anti-PD-1/PD-L1 are being investigated in the clinical trial stage (NCT02655822, NCT03207867, and NCT02740985). Depleting extracellular adenosine by blocking the activity of CD39 and CD73 could also restrict adenosine signaling pathways. Treatment with the CD39 inhibitor POM-1 or a blocking antibody demonstrated enhanced anti-tumor immunity by increasing cytotoxic T cell- and natural killer cell-mediated killing function in a mouse model (96). CD73 is in turn targeted by the monoclonal antibody MEDI9447, which inhibits CD73 ectonucleotidase activity. The combination of MEDI9447 and PD-1 antibodies in tumor models showed additive activity against adenosine-mediated immunosuppression, and a phase I study of MEDI9447 in cancer patients was initiated accordingly (NCT02503774) (97).


[image: Figure 2]
FIGURE 2. Tumor metabolites promote tumor immune evasion. Compared with other cell types, tumor cells display increased production of immunosuppressive metabolites, such as, adenosine, R-2-HG, glutamine, and methylglyoxal in the TME. These metabolites cause cytotoxic T cell anergy, increase the infiltration of MDSCs, and impair anti-tumor immunity.




R-2-hydroxyglutarate

Mutations in the IDH1 gene (encoding isocitrate dehydrogenase 1) have been found in more than 70% of grade 2 and 3 astrocytomas and oligodendrogliomas, and in glioblastomas developed from these lower-grade brain tumors (98). The IDH1 mutations occur arginine 132 in IDH1 and arginine 172 in IDH2 (99), and have been shown to induce the production of R-2-hydroxyglutarate (98). One study showed that tumor cells export R-2-hydroxyglutarate into the TME. The released R-2-hydroxyglutarate is taken up by activated T cells, where it significantly suppresses NFAT and NF-κB nuclear translocation and inhibits T-cell receptor signaling and polyamine biosynthesis, thus directly impairing T-cell activation (100) (Figure 2). Co-treatment with IDH1-mutant inhibitors (BAY-1436032 and AGI-5198) enhances the efficacy of immunotherapy against IDH1-mutant tumors in vivo (100–102).



Glutamine

Glutamine is the most abundant free amino acid in the blood, and its circulating concentration is around 0.5 mmol/L (102). Glutamine plays an essential role in supplying both carbon and nitrogen sources for anabolic growth and proliferation (103). A recent study suggested that glutamine metabolic programing in tumor cells renders anti-tumor immune response less effective. Blocking glutamine metabolism by the glutaminase inhibitor JHU083 inhibits tumor growth by disabling “Warburg” physiology (104). JHU083 thus increases glutamine and glucose content in the TME. Although glutamine metabolism is also essential for CD8+ T cell activity (105) glutamine blockade shapes CD8+ T cells toward a highly proliferative, activated, and long-lived phenotype by upregulating glucose anaplerosis in CD8+ T cells (104). The role of glutamine metabolism in myeloid-derived suppressor cells (MDSCs) has also been reported; JHU083 reduces the recruitment of MDSCs to TME, induces MDSC apoptosis, promotes the conversion of MDSC to pro-inflammatory M1 macrophage, and renders ICI-resistant tumors sensitive to immunotherapy (106). Collectively, blockade of glutamine metabolism reshapes the TME and enhances anti-tumor immunity (Figure 2).

Emerging evidence indicates that extracellular glutamine promotes ferroptosis. One study demonstrated that glutaminolysis is essential for ferroptosis, and glutaminolysis inhibitor compound-968 prevents ferroptosis in mouse embryonic fibroblasts (107). Another study showed that miR-137 suppresses the expression of glutamine transporter SLC1A5 to decrease tumor cell glutamine uptake and inhibits ferroptosis, suggesting a critical role of glutaminolysis in promoting ferroptosis (108). However, ferroptosis is an important prerequisite of immune checkpoint therapy-mediated tumor eradiation (71). Thus, an inhibitor of glutaminolysis may suppress immune checkpoint therapy-induced ferroptosis. Detailed mechanisms of glutaminolysis and ferroptosis should be investigated to prevent this antagonism effect.



Methylglyoxal

Methylglyoxal (MG), a by-product of glycolysis, is present ubiquitously in living cells (109–111). MG induces the production of advanced glycation end products and promotes tumor proliferation in vivo (112, 113). Because tumors exhibit high rates of aerobic glycolysis, enhanced aerobic glycolysis in tumors leads to the accumulation of MG in the TME, raising concerns about the role of MG in promoting immune evasion. One study indicated that MDSCs display high levels of MG production in the TME, which promotes the transfer of MG into cytotoxic T cells in a cell-cell contact-dependent manner and leads to the accumulation of MG in cytotoxic T cells. For the reason that MG can easily bind with L-arginine and L-glutamine, MG depletes these amino acids in those T cells and paralyzes anti-tumor immunity. N-N-dimethylbiguanide (DMBG), which neutralizes the glycation activity of MG, can reverse the suppressive effects of MDSCs on cytotoxic T cells and sensitize immunotherapy-resistant tumor to ICI treatment (114). Moreover, as an immunosuppressive metabolite, MG can be easily detected in peripheral blood. Therefore, it could serve as a biomarker of immunotherapy resistance (Figure 2). Although MG scavenger and ICIs have demonstrated encouraging synergistic therapeutic effects, the detailed mechanisms of how MG causes anti-tumor cell fatigue while facilitating the survival of pro-tumor cells need to be further investigated.




CONCLUSION AND PERSPECTIVE

Although immune checkpoint blockade has demonstrated durable anti-tumor activity in a variety of cancers, the overall response rate is far from being satisfactory, necessitating a comprehensive understanding of the mechanisms of decreased anti-tumor immunity under a hostile TME and the identification of predictive biomarkers for patient selection. Tumor cells enhance nutrient uptake, deplete oxygen, increase acidity in the TME, and upregulate pro-tumor metabolite production to create an immunosuppressive TME, which promotes tumor progression and immune evasion. Therefore, targeting cancer cell metabolic pathways could restrict tumor growth and invasion as well as restore an anti-tumor TME. Also limiting to patient welfare has been the inadequacy of predictive biomarkers of response to immunotherapy. The metabolites secreted into the TME by cancer cells could be promising biomarkers owing to their accessible measurability. Thus, furthering our understanding of cancer metabolism will not only broaden the current knowledge of interplay in the tumor microenvironment but also overcome immunotherapy resistance by expanding therapeutic options so that more patients can benefit from immunotherapy.
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Immune surveillance of cancer cells is facilitated by the Natural Killer Group 2D (NKG2D) receptor expressed by different lymphocyte subsets. It recognizes NKG2D ligands that are rarely expressed on healthy cells, but upregulated by tumorigenesis, presenting a target for immunological clearance. The molecular mechanisms responsible for NKG2D ligand regulation remain complex. Here we report that cancer cell metabolism supports constitutive surface expression of the NKG2D ligand MHC class I chain-related proteins A (MICA). Knockout of the N-glycosylation gene N-acetylglucosaminyltransferase V (MGAT5) in HEK293 cells induced altered metabolism and continuous high MICA surface expression. MGAT5 knockout cells were used to examine the association of cell metabolism and MICA expression through genetic, pharmacological and metabolic assays. Findings were verified in cancer cell lines. Cells with constitutive high MICA expression showed enhanced spare respiratory capacity and elevated mitochondrial efflux of citrate, determined by extracellular flux analysis and metabolomics. MICA expression was reduced by inhibitors of mitochondrial function, FCCP and etomoxir e.g., and depended on conversion of citrate to acetyl-CoA and oxaloacetate by ATP citrate lyase, which was also observed in several cancer cell types. Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) analysis revealed that upregulated MICA transcription was associated with an open chromatin structure at the MICA transcription start site. We identify mitochondria and cytoplasmic citrate as key regulators of constitutive MICA expression and we propose that metabolic reprogramming of certain cancer cells facilitates MICA expression and NKG2D-mediated immune recognition.
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GRAPHICAL ABSTRACT. MGAT5 knockout (KO) in HEK293 cells induces metabolic changes resulting in increased intracellular UDP-GlcNAc, increased glycolysis, enhanced spare respiratory capacity and higher citrate flux from the mitochondria. MGAT5 KO cells express constitutively high MICA, mainly regulated on the transcriptional level through opening of the chromatin at the MICA promoter. MICA expression in MGAT5 KO cells is dependent on citrate turnover and histone acetylation. Blocking citrate flux inhibits MICA expression in numerous cancer cell lines, and we propose that this is a central metabolic regulation of MICA and immune surveillance.




INTRODUCTION

Natural killer (NK) and CD8+ T cells monitor autologous cells for markers of tumorigenesis and stress. These immune cells express the NKG2D receptor that recognizes NKG2D ligands (NKG2DLs) upregulated on the surface of transformed cells (1). NKG2DL expression is in many ways a double-edged sword. Upregulation of NKG2DLs on cancer cells enhance NK cell infiltration and promote cancer cytotoxicity (2, 3). Conversely, numerous cancer cells maintain chronic NKG2DL expression and evade immune elimination by down-modulating and impairing NKG2D receptor signaling (4–7).

Cancer cells that block NKG2DL surface expression to evade immune recognition and clearance, can be treated with stress-inducers such as histone deacetylase inhibitors (HDACi’s), heat-shock or short-chain fatty acids (SCFAs) that upregulate NKG2DLs (8). To date, studies have primarily focused on delineating transient NKG2DL induction whereas not much is known about regulation of their constitutive expression.

Metabolic reprogramming is a central hallmark of cancer. Cancer cells use aerobic glycolysis that was initially believed to be a result of dysfunctional mitochondria (9); however, later advances have shown that cancer cells often use aerobic glycolysis alongside mitochondrial oxidative phosphorylation (OXPHOS) (10). Mitochondria are not merely the powerhouse of the cell, but also provide metabolites for anabolic pathways necessary for cell growth. Citrate can be exported from the tricarboxylic acid (TCA) cycle for biosynthetic purposes. In the cytosol, citrate is cleaved by ATP citrate lyase (ACLY) to generate acetyl-CoA and oxaloacetate (OAA) (11, 12). Citrate is an inhibitor of glycolysis, thus to maintain high aerobic glycolysis, cancer cells require low cytoplasmic citrate (13). Moreover, conversion of citrate by ACLY is a critical regulator of gene transcription by producing acetyl-CoA for histone acetylation (14). Several of these cancer-associated metabolic properties are shared with other highly proliferating cells, such as activated T cells.

Expression of NKG2DLs is associated with hyperproliferation (8) and thus with highly active metabolism. Two studies have linked NKG2DL expression to active glycolysis (15, 16), whereas one study reports that inhibition of glycolysis increased basal NKG2DL expression in breast cancer cell lines (17, 18). These studies emphasize a link to proliferative cell metabolism, and suggest that the role of glycolysis in NKG2DL regulation is context-specific.

NKG2DLs fall into two groups, the UL-16 binding protein 1-6 (ULBP1-6) and the MHC class I chain-related proteins A and B (MICA and MICB). Surface expression of each NKG2DL is regulated individually and at all levels of protein biogenesis (8). We have previously shown that surface expression of specific MICA alleles depends on N-glycosylation (19, 20). N-acetylglucosaminyltransferase V (MGAT5) is an oncoprotein catalyzing the formation of β-1,6-branched N-glycans that promote surface retention of glycoproteins (21), but it is not known if MGAT5 regulates surface expression of MICA. Growth factor receptors are examples of MGAT5 substrates, and MGAT5 overexpression is associated with growth, adhesion, invasion and metastasis of cancer (22–26). Inhibition of MGAT5 reduces tumor growth, enhances the anti-tumor responses by CD4+ T cells and macrophages, and promotes Th1 differentiation (27, 28).

In this study we examine the metabolic regulation of the NKG2DL MICA. We discover that MICA was increased after MGAT5 knockout (KO) in a metabolically dependent way, and use this as a model to investigate the regulatory mechanisms of constitutive MICA expression. We find that glycolysis and mitochondrial export of citrate promotes constitutive MICA transcription in MGAT5 KO cells, a regulation that was also shown in several MICA-expressing cancer cells. In particular, increased MICA transcription was associated with altered chromatin accessibility of the MICA promoter. Our findings suggest that citrate drives a metabolic stress that modulates chromatin accessibility to facilitate basal MICA transcription and thereby regulate immune surveillance.



MATERIALS AND METHODS


Animals

Female NMRI mice 6 to 10-weeks old (Taconic, Lille Skensved, Denmark) were used, and all studies were performed in accordance with the Danish Act on Animal Experimentation, which implements Directive 2010/63/EU on the protection of animals in scientific research. The studies were approved by the Animal Experimentation Inspectorate, Ministry of Environment and Food, Denmark (License No. 2017-15-0201-01262). Health monitoring was carried out in accordance with Federation for Laboratory Animal Science Associations guidelines.



Reagents, Pharmacological Inhibitors, and DNA Constructs

Pharmacological compounds from Sigma-Aldrich were N-acetyl-D-glucosamine (GlcNAc, A3286), PUGNAc (A7229), 2-deoxy-D-glucose (2DG, D6134), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, C2920), UK-5099 (PZ0160), bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES, SML0601), potassium hydroxycitrate tribasic monohydrate (HC, 59847), sodium dihydrogencitrate (234265), sodium acetate (S5636), oxaloacetic acid (OAA, O4126), 6-Mercaptopurine monohydrate (6-MP, 852678), azaserine (A4142), 5-aminoimidazole-4-carboxamide ribonucleotide (AICA-R, A9978), N-Acetylcysteine (NAc, A9165), sodium propionate (P1880), sodium butyrate (B5887), DMSO (D2438), PBS (D8537). Etomoxir sodium salt was purchased from Cayman Chemicals (Ann Arbor, MI, United States, 828934-41-4). BMS303141 was from Tocris Bioscience (Bristol, United Kingdom, 4609).

The GFP-Myc-MICA∗018 and MICA∗008 vectors, containing the coding sequences of MICA∗018 or MICA∗008 allele downstream of a generic leader, a GFP cassette, and a myc tag, were provided by Dr. M. Wills (University of Cambridge, Cambridge, United Kingdom) (29). pGL3-Basic (pGL3B) luciferase vector was purchased from Promega (Promega, Madison, WI, United States, E1751). MICA-firefly luciferase promoter vectors and SV40-renilla luciferase promoter vector were provided by Prof. C. O’Callaghan (University of Oxford, Oxford, United Kingdom) (30).



Purification of Peripheral Blood Lymphocytes

Human peripheral blood mononuclear cells (PBMCs) were isolated by Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, United States, 10771) separation from buffy coats obtained from healthy blood donors (The Capital Region Blood Bank, Copenhagen University Hospital, Copenhagen, Denmark). To obtain peripheral blood lymphocytes (PBLs), PBMCs were depleted from monocytes by incubation with Dynabeads (Invitrogen, Carlsbad, CA, United States, 11041), as previously described (31). PBLs were activated in RPMI1640 without glucose (Gibco, Gaithersburg, MD, United States, 11879-020) supplemented with 10% dialyzed fetal bovine serum (FBS) (F9665), 2 mM penicillin/streptomycin (P4333), 2 mM L-Glutamine (G7513), 1 mM sodium pyruvate (S8636) and either 10 mM D-glucose (G8769) or 10 mM D-galactose (G6404), all purchased from Sigma-Aldrich. PBLs were activated with CD3/CD28 beads (Invitrogen, 11132D) and 20U/mL hIL-2 (Peprotech, Rocky Hill, NJ, United States, 200-02) for 3 days. On day 3, PBLs were treated with 20 ng/mL FR901228 (National Cancer Institute, Bethesda, MD, United States) for 18 h.



Cell Line Cultivation and Proliferation

Human embryonic kidney-derived HEK293 cells, the prostate cancer cell line PC-3 and the keratinocyte-derived cell line HaCaT were purchased from American Type Culture Collection (ATCC, Manassas, VA, United States). NKG2D reporter cell CT312 and the 2B4 parental cell line were kindly provided by Chiwen Chang, Trowsdale Lab, Cambridge University. The breast cancer cell lines MDA-MB231 and MCF-7 were provided by Dr. José Moreira (Department for Veterinary Disease, University of Copenhagen, Denmark) and Henrik Leffers (The State Hospital, Copenhagen, Denmark), respectively. The cervical cancer cell line HeLa was provided by Jesper Jurlander (The State Hospital, Copenhagen, Denmark). The melanoma cells SK-MEL28, FM55m1, FM78 and FM86, and the human colon adenocarcinoma cell lines HT29 and SW480 were provided by Dr. Per thor Straten (Herlev University Hospital, Denmark). HEK293, MDA-MB231 and MCF-7 cells were cultured in DMEM with GlutaMAX (Gibco, 31966047). HeLa, HaCaT, PC-3, FM55m1, FM78, FM86, SK-MEL28, and SW480 were cultured in RPMI1640 (Sigma-Aldrich, R5886), and HT29 were cultured in McCoy’s 5A medium (Sigma-Aldrich, M8403). Media were supplemented with 10% FBS and 2 mM penicillin/streptomycin. 2 mM L-Glutamine was added to RPMI1640 and McCoy’s 5A. For long-term cell culture in glucose/galactose, cells were cultured in DMEM medium without glucose (Gibco, 11966025), supplemented with 10% dialyzed FBS, 2 mM penicillin/streptomycin, 1 mM sodium pyruvate, and 10 mM glucose/galactose. All cells were kept at culture conditions 37°C and 5% CO2 and were passaged every 2–3 days.

For proliferation assay, WT and MGAT5 KO cells were seeded in 1 × 105 or 2 × 105 cells/well. For each experiment, cells were counted in triplicate wells after 24 and 48 h using the Bio-Rad TC20 automated cell counter (Bio-Rad, Hercules, CA, United States).



Gene Editing

MGAT5 KO cells were generated by zinc finger nuclease targeting in HEK293 cells and subsequent cloning and selection was performed as described previously (32, 33). HEK293 cells were transfected with mRNA (Sigma-Aldrich) or 5 μg of endotoxin free plasmid DNA using nucleofection on an Amaxa Nucleofector (Lonza, Copenhagen, Denmark). MGAT5 KO clones were selected by loss of reactivity with L-PHA, and clones were confirmed to have Mgat5 mutations using PCR and sequencing.

Lentiviral-mediated gene transfer was performed with an MGAT5 encoding vector constructed by inserting the MGAT5 sequence (generated as a blunt-end PCR product from a vector from HW, University of Copenhagen, Copenhagen, Denmark) into an entry vector system using the pENTR Directional TOPO Cloning Kit (Invitrogen, K2435-20/K3500-20) following manufacturer’s protocol. TOPO clonal reaction entry vectors were transformed into Mach-T1 chemically competent E. coli using heat-shock and S.O.C. medium followed by selection. PCR inserts were confirmed by sequencing at Eurofins MWG Operons (Luxembourg). Colonies were amplified and plasmids were purified with Nucleobond Xtra Midi kit (Macherey-Nagel, Duren, Germany, 740410). MGAT5 sequences were inserted into pLX302 lentiviral destination vector with LR CLonase II enzyme mix (Invitrogen, 11789). After proteinase K treatment constructs were transformed into DH5α using heat-shock and S.O.C. medium. Selected clones were amplified and DNA was purified using Nucleobond Xtra Midi kit. Destination vectors were checked for insertion using BsrGI digestion at 55°C. MGAT5-coding lentiviral particles were packaged in HEK293T cells transfected with a mix of 4 μg psPAX2 vector (packaging vector), 2 μg pCMV-VSVG (envelope vector), 5 μg pLX302 vector carrying MGAT5, and 25 μl CaCl2 to a final volume of 250 μl. The DNA mixture was complexed with 250 μL 2x HBS under constant air flow, and the transfection mix was added dropwise to 2 × 106 HEK293T cells in antibiotic-free medium. Cell culture medium was harvested 4 days after transfection and viral particle preparations were prepared by centrifugation at 5000 × g for 5 min. Lentiviral particles were added to cells and incubated for 24 h. Cells were cultivated in puromycin (1 μg/mL) selection medium for 2 weeks. Functional MGAT5 expression was validated by L-PHA binding.



Transient Transfection

Transient transfections were performed as described previously, using Amaxa Nucleofector device (Lonza) (34). DNA was introduced to 2 × 106 cells in 100 μl Nucleofector solution V (Lonza, VCA-1003) and pulsed using the nucleofector program Q-001. For GFP-myc-tagged MICA∗008 and MICA∗018 constructs, cells were transfected with 1 μg DNA and analyzed the next day. Transfection with shRNAs or luciferase promoter constructs was carried out by calcium-phosphate transfection. Briefly, DNA/RNA were prepared in 10 μl CaCl2 (2.5M) and adjusted to a final volume of 100 μl. DNA mixture was complexed with 100 μl 2x HBS (HEPES, NaCl, Na2HPO4) and added dropwise to 2 × 106 cells. Scrambled siRNA control, siIDH1 and siIDH2 ON-TARGET plus SMART pools were purchased from GE Healthcare Dharmacon (Lafayette, CO, United States).



Functional Assays

For NKG2D down-modulation, PBLs were isolated as described above, followed by depletion of CD4+ cells using CD4 antibody (eBioscience, San Diego, CA, United States, 16-0049) and Dynabeads Mouse pan-IgG (Invitrogen, 11041). CD4+-depleted PBLs were cultured in RPMI1640 (Sigma-Aldrich, R5886) supplemented with 10% human serum (Sigma-Aldrich, H3667), 2 mM penicillin/streptomycin, 2 mM L-Glutamine and 10 ng/mL hIL-15 (Peprotech, 200-15) for 3 days to enrich for NK/CD8+ T cells. NKG2D down-modulation assay was performed as previously described (35). NKG2D ligands on effector cells (HEK293 WT or MGAT5 KO cells) were incubated with blocking NKG2D-Fc (R&D Systems, Minneapolis, MN, United States, 1299-NK) or control IgG1-Fc (R&D Systems, 110-HG) 8 μg/mL for 30 min at 4°C. Effector cells and target cells (NK/CD8+ T cells) were mixed at indicated effector:target ratios and spun down 2 min 90 × g to allow conjugate formation. After 2 h co-cultivation, NK/CD8+ T cells were analyzed for NKG2D surface expression by flow cytometry using Accuri C6 flow cytometer (BD Bioscience, Franklin Lakes, NJ, United States).

For the reporter cell assay, the NKG2D-reporter cell line 2B4-CT312 and the parental control 2B4 cell line (target cells) (36) were mixed with effector cells (WT or MGAT5 KO cells) that were either blocked with NKG2D-Fc or control IgG1-Fc as described above. Effector and target cells were co-cultivated at different E:T ratios for 14–16 h. GFP expression of target cells was assessed with Accuri C6 flow cytometer. For in vivo assay, target cells were labeled with Vybrant DiD cell-labeling solution (Invitrogen, V22887) according to manufacturer’s protocol, and injected intraperitoneally together with WT or MGAT5 KO cells in a 1:1 ratio, 20 × 106 of each. 4–6 mice were used per group. Target cells were harvested after approximately 18 h with peritoneal lavage and NKG2D activation of DiD-positive reporter cells were assessed as GFP expression with Accuri C6 flow cytometer.



Lactate and dNTP Measurements

Concentrations of L-Lactate was measured enzymatically with Randox colorimetric assay according to manufacturer’s protocol (Randox, Crumlin, United Kingdom, LC2389). Reaction and analysis was performed on an Advia 1800 Chemistry System (Siemens, Munich, Germany).

dNTP levels were determined in 2 × 106 cells harvested with trypsinization and pelleted by centrifugation for 1200 × g for 5 min followed by resuspension of cell pellets in 60% methanol, frozen in liquid nitrogen and boiled at 100°C for 3 min. Samples were evaporated until dryness in a speedvac and whole cell levels of dTTP dATP, dCTP, and dGTP were determined using the DNA polymerase assay previously described (37).



LC-HRMS Metabolite Profiling

To determine intracellular metabolite levels, cell pellets from 1 × 106 cells were resuspended in 750 μl of cold methanol after 5 min sonication. Samples were prepared by 15 s vortex followed by 15 min equilibration at room temperature. After centrifugation at 13000 × g for 10 min at 4°C, 400 μl supernatants were collected, transferred to Ultrafree-MC Centrifugal filter devices (Merck Millipore Ltd., Cork, Ireland), and centrifuged at 10000 × g for 4 min at 4°C. From this, 100 μl was transferred to LC vials, and 30 μl of each sample was pooled to a mixed QC sample.

LC-HRMS was performed on a 1290 Infinity II ultra-high performance liquid chromatography (UHPLC) system coupled to a 6550 iFunnel quadrupole-time of flight (Q-TOF) mass spectrometer equipped with a dual AJS electrospray ionization source (Agilent Technologies, Santa Clara, CA, United States). Polar metabolites were separated on a SeQuant ZIC-HILIC (Merck, Darmstadt, Germany) column 100 Å (100 mm × 2.1 mm, 3.5 μm particle size) coupled to a guard column (20 mm × 2.1 mm, 3.5 μm particle size) and an inline-filter. Mobile phases consisted of 0.1% formic acid in water with (solvent A) and 0.1% formic acid in acetonitrile with (solvent B). The elution gradient used was as follows: isocratic step at 95% B for 1.5 min, 95% B to 40% B in 12 min and maintained at 40% B for 2 min, then decreasing to 25% B at 14.2 min and maintained for 2.8 min, then returned to initial conditions over 1 min, and the column was equilibrated at initial conditions for 7 min. The flow rate was 0.3 mL/min, injection volume was 2 μL and the column oven was maintained at 25°C. The acquisition was obtained with a mass range of 50–1200 m/z for, where full scan high-resolution data is acquired at three alternating collision energies (0 eV, 10 eV and 30 eV). Positive and negative raw LC-HRMS files were independently processed with an in-house developed PCDL library for polar metabolites using Profinder version B.06 (Agilent Technologies). Identification of reported compounds was assessed by accurate mass and retention time (AMRT) plus fragment identification at two collision energies (10 and 30 eV). Detailed acquisition methodology has been described previously (38, 39). UDP-GlcNAc/UDP-GalNAc detected peak (screened by expected calculated mass) could be of either compound as these two sugars could not be separated chromatographically, hence has been reported as a putative metabolite pending confirmation.



Extracellular Flux Analysis

The Seahorse XFe96 extracellular flux analyzer (Agilent Technologies) was used to measure OCR and ECAR on HEK293 cells. Cells were seeded at the density 2 × 104 cells/well ∼24 h before the experiment. One hour prior to assay run, cells were rinsed and switched to XF media (Agilent Technologies) with 1 mM sodium pyruvate and 10 mM glucose or galactose and incubated at 37°C CO2-free incubator. For the mitochondrial stress tests, OCR was measured under basal conditions, and during sequential injection of 1 μM oligomycin (Sigma-Aldrich, 495455), 1 μM FCCP (Sigma-Aldrich, C2920), and 0.5 μM rotenone (Rot, Sigma-Aldrich, R8875) + 0.5 μM antimycin A (AA, Sigma-Aldrich, A8674). Reported basal respiration is calculated from the third measuring point with OCR after Rot and AA subtracted, ATP-coupled respiration display OCR after oligomycin subtracted from the third measuring point, and maximal respiration is OCR after FCCP with OCR after Rot and AA subtracted.

For measuring the effect of HC, OCR was assessed 2 h after an injection of 15 mM HC.



13C6-Glucose Tracing Experiment

1 × 106 cells were incubated for 1 h in DMEM medium without glucose supplemented with 10% FBS, 1 mM sodium pyruvate, and 25 mM uniformly labeled [U-13C]-Glucose (Cambridge Isotope Laboratories, Tewksbury, MA, United States, CLM-1396). Incubation medium samples were collected and cleared by centrifugation 300 × g for 5 min. Cells were washed and detached sterically. Intracellular metabolites were extracted in 70% ethanol, and centrifuged at 20.000 × g for 20 min (4°C) to separate the soluble extract (supernatant) from the insoluble components (pellet). Cell extracts and medium samples were lyophilized and reconstituted in water for subsequent biochemical analyses. Extract samples were adjusted to pH 1-2 with HCl and evaporated to dryness under nitrogen flow. Analytes were extracted into an organic phase (96% ethanol/benzene) followed by derivatization with 14% DMF/86% MTBSTFA with a modified procedure from (40). Standards containing unlabeled metabolites of interest and cell extracts were separated and analyzed in a gas chromatograph (Agilent Technologies 7820A chromatograph, J&W GC column HP-5MS, parts no. 19091S-433) coupled to a mass spectrometer (Agilent Technologies, 5977E). The isotopic enrichment of the metabolites of interest was corrected for natural abundance of 13C using the unlabeled standards and calculated according to (41). Data are presented as labeling (%) of M + X, where M is the mass of the unlabeled molecule and X is the number of labeled C-atoms in a given metabolite (42).



Western Blotting

Proteins were extracted using RIPA buffer (Thermo Scientific, Waltham, MA, United States, 89901) and proteinase/phosphatase inhibitor cocktail (Thermo Scientific, 1861281) for 30 min on ice. Lysates were sonicated 2 times for 15 s and cleared by centrifugation at 13,000 rpm for 10 min at 4°C. Protein extracts were denatured at 70°C for 10 min in NuPAGE sample buffer and DTT (Sigma-Aldrich, 646563). Proteins were resolved using 4–12% SDS-PAGE gels (Invitrogen) and transferred to nitrocellulose membranes (Invitrogen, IB301001) using the iBlot device (Invitrogen). For total protein stain, membranes were washed in ddH2O and stained with REVERT protein stain solution (LI-COR Biosciences, Lincoln, NE, United States, 926-11015) according to manufacturer’s protocol. Membranes were blocked in TBST blocking buffer (LI-COR Biosciences, 927–50000), probed with primary antibodies in TBS w. 0.1% Tween 20 and 5% BSA overnight on a shaker at 4°C, and washed in TBS + 0.1% Tween 20. Secondary antibody was from LI-COR (LICOR Biosciences, 926–32212) and signals were visualized by the Odyssey Fc Imaging System (LI-COR Biosciences). O-GlcNacylation was detected with RL2 O-GlcNAcylation antibody (Abcam, Cambridge, United Kingdom, ab2739), ATP citrate lyase (ACLY) was detected with rabbit ACLY antibody (Cell Signaling; 4332), and ACLY phosphorylation with rabbit phospho-ACLY (Ser455) antibody (Cell Signaling; 4331).



Flow Cytometry

Adherent cells were detached in PBS w. 1 mM EDTA (Invitrogen, 15575-038) or by pipetting. Cell surface staining was done as previously described (43), and cells were analyzed on Accuri C6 flow cytometer (BD Bioscience). Antibodies used for this study were: MICA (R&D systems, FAB1300A), ULBP2/5/6 (R&D Systems, FAB1298P), NKG2D (R&D Systems, FAB139A), ULBP1 (R&D Systems, FAB1380P), ULPB3 (R&D Systems, FAB1517A), ULBP4 (R&D Systems, FAB6285A), MICA/B (BD Bioscience, 558352), ICAM-1 (Leinco Technologies, C170), mouse IgG1 anti-myc-tag (Merck Millipore, 05724), MICB (R&D Systems; MAB1599) or IgG2b isotype control (R&D Systems; MAB004) detected with secondary anti-mouse IgG (Biolegend, San Diego, CA, United States, 405308). Binding of fluorescently labeled AF647-L-PHA (Invitrogen, L32457) and FITC-E-PHA (Vector Laboratories, Burlingame, CA, United States, FL-1121) was used to measure surface levels of complex N-glycans. All isotype controls were purchased from BD Bioscience.

For staining with mitochondrial probes, neutral lipid stains or 2-NBDG uptake, 5 × 105 cells seeded the day prior to experiment were washed once in PBS and incubated for 15 min at 37°C and 5% CO2 in warm growth medium containing 25 nM tetramethylrhodamine methyl ester perchlorate (TMRM, Sigma-Aldrich, T5428), 10 nM MitoTracker Green FM (Invitrogen, M7514), or for 2 h in growth medium with 5 μM 2-NBDG (Invitrogen, N13195). Bodipy 493/503 (Invitrogen, D3922) was diluted in warm serum-free medium in a 1:7000 dilution and shaken vigorously to solubilize the lipids, immediately before loading into the cells for 15 min. Cells were washed twice in PBS + 2% FBS and detached sterically prior to analysis.

The soluble NKG2D–Fc receptor (1299-NK, R&D Systems) and IgG1–Fc (110-HG; R&D Systems) were labeled with Zenon Alexa Fluor 647 against human IgG1 (Z25408; Invitrogen) prior to staining of melanoma cells.

Data were acquired with an Accuri C6 instrument using Accuri C6 software, and analyzed in Flowlogic v7.2.1 (Inivai Technologies, Mentone, VIC, Australia) by gating on viable cells in forward-side-scatter plots (FSC/SSC) followed by single cell gating by area-height-scatter plots (FSC-A/FSC-H). Geometric mean fluorescent intensity (MFI) values are displayed in figures as MFI, or with corresponding isotype control subtracted as ΔMFI.



Real Time PCR Analysis

Total RNA was extracted by phase separation in TRIzol-chlorophorm and purified on Direct-zol spin-columns (Zymo Research, Irvine, CA, United States) according to manufacturer’s protocol. cDNA was generated using SuperScript cDNA synthesis kit (Invitrogen) under standard PCR conditions. Following primer sequences were used for quantitative RT-PCR with Brilliant SYBR Green qPCR Master Mix Kit: MICA (MICA_F: TGGCAGACATTCCATGTTTCTG, MICA_R: CTCGTCCCAACTGGGTGTTG), ULBP2 (ULBP 2_F: CAGAGCAACTGCGTGACATT, ULBP2_R: GGCCAC AACCTTGTCATTCT), IDH1 (IDH1_F: CTATGATGGTGA CGTGCAGTCG, IDH1_R: CCTCTGCTTCTACTGTCTTGCC), IDH2 (IDH2_F: AGATGGCAGTGGTGTCAAGGAG, IDH 2_R: CTGGATGGCATACTGGAAGCAG), GLUT1 (GLUT1_F: CTGCTCATCAACCGCAAC, GLUT1_R: CTTCTTCTCCCG CATCATCT), GLUT2 (GLUT2_F: TACATTGCGGACTTCTG TGG, GLUT2_R: AGACTTTCCTTTGGTTTCTGG), GLUT3 (GLUT3_F: CAGCGAGACCCAGAGATG, GLUT3_R: TTGG AAAGAGCCGATTGTAG), GLUT4 (GLUT4_F: TGGGCTT CTTCATCTTCACC, GLUT4_R: GTGCTGGGTTTCACCTC CT), and RPLP0 as housekeeping gene (RPLP0_F: CCTCGTGGAAGTGACATCGT, RPLP0_R: CATTCCCCC GGATATGAGGC). Real-time qPCR was performed on Bio-Rad CFX96 Real-time Thermal Cycler C1000 Touch, and all transcripts were normalized to housekeeping RPLP0 transcript.



Luciferase Reporter Assay

Cells were transiently transfected, using calcium-phosphate transfection as described above, with firefly luciferase promoter vectors (1 μg) and an SV40-promoter driven renilla luciferase vector (0.5 μg). Cells were harvested and snap frozen 24 h post transfection. Pellets were lysed in Dual-Glo Luciferase Reagent (Promega, E2920) and firefly luciferase activity was analyzed by luminometer Microbeta II (PerkinElmer, Waltham, MA, United States). Renilla luciferase activity was recorded by the instrument after subsequent addition of 1:1 volume Dual-Glo Stop & Glo (Promega, E2920). To correct for transfection efficiency, firefly luciferase signals were normalized to SV40 renilla luciferase signals of corresponding sample.



ATAC-Seq

ATAC-seq was performed as described previously (44). For each cell line, 50,000 cells were harvested from 3 separate cultures and used to prepare tagmented chromatin (3 replicates of WT and 3 replicates of MGAT5 KO cell lines, 6 samples total). Quality of PCR-amplified sequencing libraries was assessed using a Tapestation 2200 instrument with high sensitivity DNA screentapes (Agilent). Libraries were sequenced as paired end reads on a single lane of an Illumina HiSeq4000 flow cell. Resulting reads were aligned to the GRCh37/hg19 reference genome using Rsubread (45), and alignments were filtered to remove low quality, duplicate, and mitochondrial reads. Peaks were called using MACS2 (46) on merged reads from all samples, and differential peak accessibility between cell lines was determined using edgeR (47) with a threshold false discovery rate of 5%. Transcription factor binding motifs enriched in differentially accessible peaks were identified using HOMER (48). H3K4me3 ChIP-seq data were downloaded from ENCODE1 and are available under accession ENCFF756EHF.



Quantification and Statistical Analysis

Results are presented as mean ± SEM. Differences were analyzed for statistical significance using Prism 7 or 8 (GraphPad Software, La Jolla, CA, United States). Statistical analysis was performed as stated in figure legends, using unpaired t-test in 1A, 1C, 1E, 3E-F, 3H, 5C, 7A, 7E-F, paired t-test in 4F-G, 7D, multiple t-test in 1B, 1D, 3D, 4A-B, one sample t-test in 2A-C, 3C, 4C, 4E, 7G, two-way ANOVA in 3A, 5D-F, 5H-I, 6A, 6E, 7h-I, or one-way ANOVA in 5G. Level of statistical significance was determined by ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001, ****p < 0.0001.



RESULTS


MGAT5 Knockout Increases NKG2DL Expression and Activates NKG2D in vitro and in vivo

Regulation of constitutive MICA expression remains largely unknown. Surface expression of certain MICA alleles depends on N-linked glycosylation (19, 20, 49). We questioned whether the cancer-associated glycosyltransferase MGAT5 is required for MICA expression. To assess the role of MGAT5 in regulation of NKG2DL surface expression, MGAT5 KO clones were generated in HEK293 cells. Remarkably, MGAT5 KO resulted in a permanently increased surface expression of the NKG2DLs MICA, MICB, and ULBP2/5/6 compared with parental wildtype (WT) cells (Figure 1A). To confirm MGAT5 KO we measured binding of Leukoagglutinin from P. vulgaris (L-PHA) that binds specifically to MGAT5-modified N-glycans. As expected, L-PHA binding was reduced, whereas binding of Erythroagglutinin from P. vulgaris (E-PHA) that interacts with MGAT3-modified N-glycans, was unaffected, thus verifying functional knockout of MGAT5 (Figure 1A). Modification of MGAT5 expression therefore associated with substantial changes in constitutive expression of several NKG2DLs.
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FIGURE 1. MGAT5 knockout increases NKG2DL expression and activates NKG2D in vitro and in vivo. (A) Surface expression of NKG2D ligands and binding of fluorescently labeled L-PHA (MGAT5 modifications) or E-PHA (MGAT3 modifications) on HEK293 wildtype (WT) and HEK293 MGAT5 knockout (KO) cells or isotype control staining (Iso) analyzed by flow cytometry. Data are presented as histograms representative of at least three independent experiments and in bar graphs showing mean fluorescence intensity (MFI). (B) In vitro NKG2D activation measured as GFP expression in NKG2D negative reporter cells (Control) and NKG2D expressing (NKG2D) reporter cells (target cells) co-cultivated with WT or KO cells (effector cells) for 14–16 h at indicated effector:target (E:T) ratios. (C) NKG2D activation in vivo measured on reporter cells as in (B) after activation by WT or KO at a 1:1 ratio in peritoneum of NMRI mice for approximately 18 h. GFP expression in DiD-labeled reporter cells signifies NKG2D activation and is shown as GFP MFI values of cells from four-six mice per group. (D) NKG2D down-modulation was assessed on NK/CD8+ T cells (target cells) after co-cultivation for 2 h with WT or KO cells (effector cells) at indicated effector:target ratios (E:T). NKG2DLs on target cells were blocked with NKG2D-Fc (BL) or unblocked with IgG1-Fc (UN). The graph depicts surface expression of NKG2D presented relative to surface NKG2D expression on target cells alone. (E) MICA surface expression (left) and L-PHA/E-PHA surface binding (right) after lentiviral introduction of MGAT5 into WT or KO cells. MFI values from antibody staining were corrected for isotype background staining (ΔMFI). Statistical analysis was performed by unpaired t-tests in (A,C,E), and multiple t-test with 5% FDR comparing WT and KO in (B,D). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


To verify the functionality of MGAT5 KO-induced NKG2DLs, we tested NKG2D activation in a reporter cell line expressing human NKG2D coupled to DAP10-CD3ζ signaling and Nuclear factor of activated T cells (NFAT)-controlled GFP, ultimately expressing GFP in response to NKG2D activation (36). NKG2D-GFP activation was higher after co-cultivation with MGAT5 KO cells than with WT cells (Figure 1B), corresponding to the increased NKG2DL expression in MGAT5 KO cells (Figure 1A). The reporter cells without NKG2D (Supplementary Figure S1A) remained inactivated, indicating that the activation was NKG2D-mediated (Figure 1B). Moreover, blocking NKG2DLs with soluble NKG2D-Fc receptor impaired the activation, further validating NKG2D specificity (Supplementary Figure S1B).

To test if MGAT5 KO cells could activate NKG2D in vivo, we adoptively injected NKG2D reporter cells together with WT or MGAT5 KO cells into the peritoneum of NMRI mice and measured GFP expression in reporter cells. In line with our in vitro data, we observed a significant increase in NKG2D-GFP activation by MGAT5 KO cells compared with WT cells. The response was NKG2D-specific since the control reporter cells were unaffected (Figure 1C). These data verify that MGAT5 KO-induced NKG2DLs maintain their functional integrity in vivo.

NKG2D is down-modulated upon activation (50). To further examine the functionality of NKG2DL expression caused by MGAT5 KO, we assessed NKG2D downregulation after receptor activation. NKG2D was further downregulated on CD4+-depleted peripheral blood lymphocytes (PBLs) after co-cultivation with MGAT5 KO cells than with WT cells, and this downregulation was abolished by blocking NKG2DLs with a soluble NKG2D-Fc receptor (Figure 1D). Combined, these data indicate that KO of MGAT5 upregulates MICA and ULBP2/5/6, resulting in NKG2D activation in vitro and in vivo.

To ensure that the MICA upregulation was a result of MGAT5 KO, we stably transfected MGAT5 into WT and MGAT5 KO cells. L-PHA binding was restored within days after transfection, confirming expression of functional MGAT5. Interestingly, it took multiple passages for MICA expression to decrease to WT levels (Figure 1E and Supplementary Figure S1C), suggesting that MICA is regulated in response to a long-term adaptation to altered MGAT5 expression.



UDP-GlcNAc Upregulates MICA Expression

Long-term MGAT5 deficiency will likely result in aberrant N-glycosylation and an accumulation of the MGAT5 donor substrate UDP-N-acetylglucosamine (UDP-GlcNAc). To address if MICA was regulated by a change in N-glycosylation in MGAT5 KO cells, we assessed the post-translational regulation of MICA by measuring surface expression of transgenically expressed GFP-myc-tagged MICA under a cytomegalovirus (CMV) promoter. The MICA alleles, MICA∗008 and MICA∗018 are distinctly regulated posttranslationally (19), and although MICA∗008 was upregulated in MGAT5 KO cells, the regulation was minor and unlikely to account for the profound change in endogenously expressed MICA (Figures 1A, 2A). MICA transcripts on the other hand, were highly increased in MGAT5 KO cells (Figure 2B), as well as ULBP2 mRNA (Supplementary Figure S2A), suggesting that NKG2DLs are transcriptionally regulated in MGAT5 KO cells. Notably, we found that the MGAT5 substrate UDP-GlcNAc, although indistinguishable from UDP-N-acetylgalactosamine (UDP-GalNAc) tended to be higher in MGAT5 KO cells compared with WT cells (Figure 2C). This prompted us to address whether UDP-GlcNAc accumulation increased MICA mRNA. We found that cultivation of cells in GlcNAc-supplemented medium, which is known to increase intracellular UDP-GlcNAc through the salvage pathway (51), increased MICA transcripts and MICA surface expression, particularly in WT cells (Figure 2D and Supplementary Figure S2B). Together, this suggests that MICA is upregulated due to UDP-GlcNAc accumulation in MGAT5 KO cells by transcriptional regulation, and thus independently of MICA N-glycosylation.
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FIGURE 2. UDP-GlcNAc upregulates MICA expression. (A) HEK293 wildtype (WT) and HEK293 MGAT5 knockout (KO) cells were transfected with GFP-myc-tagged MICA*008 or MICA*018 under CMV promoter and detected on the surface the following day as surface myc-tag expression on GFP-positive cells. Data are displayed as isotype-corrected mean fluorescence intensity (ΔMFI) relative to WT from three-four independent experiments. Dot plots are representative of all experiments. Grid is set to 5% of corresponding isotype controls. (B) MICA mRNAs were analyzed by quantitative RT-PCR in total RNA purified from WT and KO cells. MICA expression was normalized to housekeeping gene RPLP0 and shown as ratio relative to WT cells from six independent experiments. (C) UDP-GlcNAc/UDP-GalNAc measurements from LC-HRMS analysis of intracellular metabolites in WT and KO cells are presented as relative peak areas (a.u.) corresponding to UDP-GlcNAc or UDP-GalNAc. Log10-transformed values from three experiments are shown as individual dots. (D) MICA mRNA analyzed by quantitative RT-PCR in total RNA purified from WT and KO cells after 8 days cultivation with indicated concentrations of GlcNAc. MICA expression is normalized to housekeeping gene RPLP0 and displayed as ratio relative to untreated WT cells from two independent experiments. All data are displayed as mean ± SEM. Statistical analysis was performed using one-sample t-test in (A,B), and unpaired t-test with Welch’s correction in (C). **p < 0.01 and ***p < 0.001, p-value is presented in (C).




Glycolysis Supports MICA Expression in MGAT5 KO Cells

Accumulation of UDP-GlcNAc can regulate gene transcription directly as the donor substrate for O-GlcNAcylation, which competes with phosphorylation of Ser/Thr on several enzymes and transcription factors (52, 53). Moreover, UDP-GlcNAc is synthesized from the hexosamine biosynthetic pathway arising from glycolysis, and can regulate cell metabolism through N-glycosylation of nutrient transporters and receptors (26).

We first explored if UDP-GlcNAc regulated MICA expression through O-GlcNAcylation. O-GlcNAc is added enzymatically to proteins by O-GlcNAc transferase (OGT) and removed by O-GlcNAcase. Inhibition of either enzyme is known to impair functional O-GlcNAcylation (54, 55). We blocked O-GlcNAcase with PUGNAc, and found that this had no effect on MICA expression (Figure 3A). In agreement with this, there was no increase in total protein O-GlcNAcylation in MGAT5 KO cells (Figure 3B). This indicates that O-GlcNAcylation is not a direct regulator of MICA, although altered O-GlcNAcylation could still be contributing to the long-term adaptation by modifying targets further upstream of MICA transcription.
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FIGURE 3. Glycolysis supports MICA expression in MGAT5 KO cells. (A) HEK293 wildtype (WT) and HEK293 MGAT5 knockout (KO) cells were treated with GlcNAcase inhibitor PUGNAc for 18 h prior to flow cytometry analysis of MICA surface expression. (B) O-GlcNAcylation of whole cell proteins from WT and KO cells quantified by western blotting of O-GlcNAcylation with the monoclonal RL2 antibody and total protein stain. Data are representative of three independent experiments. (C) Uptake of fluorescent glucose analog 2-NBDG in WT and KO cells after 2 h incubation with medium containing 2-NBDG (5 μM) was analyzed by flow cytometry. Mean fluorescent intensity (MFI) values are displayed as percentage of WT. (D) mRNA of glucose transporters GLUT1, 3, and 4 analyzed by quantitative RT-PCR in total RNA purified from WT and KO cells are presented as mRNA relative to housekeeping gene (HKG) RPLP0. (E) Intracellular and extracellular glucose-derived lactate in WT and KO cells were quantified by GC mass spectrometry after 1 h incubation in culture medium containing 13C6-Glucose. 13C incorporation in lactate is shown as percent lactate M + 3 out of total lactate fraction in cell lysates or supernatants. (F) Total extracellular lactate measurements from cell culture supernatants conditioned by WT or KO cells for 12 h. (G) Cell counts from start concentration of 1 × 105 or 2 × 105 cells/well counted after 24 and 48 h. (H) MICA surface expression on KO cells were treated with 2DG (20 mM) with or without GlcNAc (25 mM) for 22–24 h. Data of untreated (UT) samples share values from UT samples in Figures 7E,F. All MFI values from antibody staining were corrected for isotype background staining (ΔMFI). All graphs are displayed as mean ± SEM from three independent experiments. Statistical analysis was performed by two-way ANOVA with Sidak’s multiple comparison test in (A), one-sample t-test in (C), multiple t-test in (D), and unpaired t-test with Welch’s correction used when SD was unequal in (E,F,H). *p < 0.05, ***p < 0.001, and ****p < 0.0001.


Next, we approached the metabolic alterations in MGAT5 KO cells. Both MGAT5 and UDP-GlcNAc have been associated with regulation of cell metabolism (56–59). We therefore investigated whether glucose intake had changed in MGAT5 KO cells. Indeed, these cells had an increased uptake of the glucose analog 2-NBDG compared with WT cells, corresponding to a transcriptional upregulation of glucose transporters GLUT1, 3 and 4 (Figures 3C,D). Furthermore, when we traced 13C6-labeled glucose, we found that MGAT5 KO cells converted glucose into intracellular lactate; however, the glucose-derived lactate in MGAT5 KO cells was not secreted from the cells, resulting in overall lower extracellular lactate (Figures 3E,F). The increased uptake of glucose and conversion to intracellular lactate in MGAT5 KO cells resembled elevated aerobic glycolysis, which is one of the hallmarks of cancer and supports increased growth and proliferation (60). Nevertheless, we found that WT and MGAT5 KO cells proliferated at the same rate (Figure 3G). Importantly, impairing glycolysis in MGAT5 KO cells with 2-deoxy-D-glucose (2DG) reduced MICA mRNA and surface expression (Figure 3H and Supplementary Figure S3A). 2DG inhibits the flux through glycolysis as well as the hexosamine biosynthetic pathway. Addition of GlcNAc or D-mannose rescues the hexosamine biosynthetic pathway (61), and we found that it also restored MICA expression after 2DG inhibition (Figure 3H and Supplementary Figure S3B), suggesting that MICA expression in MGAT5 KO cells depends on glucose flux to the synthesis of UDP-GlcNAc.

Recently, it was shown that purine biosynthesis was critical for glucose-induced MICA expression (16). We therefore tested if MICA expression in MGAT5 KO cells was caused by enhanced purine biosynthesis, but MICA expression in MGAT5 KO cells was unaffected by the purine biosynthesis inhibitor 6-mercaptopurine (6-MP) and even slightly increased by the inhibitor azaserine (Supplementary Figures S3C,D). Moreover, the precursor for de novo purine biosynthesis AICA-R upregulated MICA expression in both WT and MGAT5 KO cells (Supplementary Figure S3E), further suggesting that the constitutive MICA expression on MGAT5 KO cells is not caused by consistently increased purine biosynthesis. Overall, these data indicate that glycolytic flux to the hexosamine biosynthetic pathway supports constitutively upregulated MICA expression in MGAT5 KO cells.



MICA Expression Requires Functional Adaptation of Mitochondria in MGAT5 KO Cells

The hexosamine biosynthetic pathway plays a key role in rewiring cancer metabolism (62). We therefore evaluated mitochondrial OXPHOS in an extracellular flux assay that monitors oxygen consumption rate (OCR) in response to specific inhibitors of oxidative metabolism (Figures 4A,B). Basal respiration and ATP-coupled respiration were unaltered in MGAT5 KO cells (Figures 4A,B). Remarkably, the maximal respiration was more than twice as high in MGAT5 KO cells compared with WT cells (Figures 4A,B), demonstrating an enhanced spare respiratory capacity (SRC). To determine if mitochondrial functionality was necessary for MICA expression, we impaired the mitochondrial membrane potential with the uncoupler FCCP, and found that it reduced MICA mRNA and cell surface expression in MGAT5 KO cells (Figure 4C and Supplementary Figure S4A). The TCA cycle can be supplied with metabolites from glycolysis, fatty acid oxidation and amino acid catabolism. Certain immunological functions have been associated with specific TCA cycle substrates (63). To test if MGAT5 KO cells supported MICA expression by oxidation of either of these resources, we inhibited the mitochondrial pyruvate carrier (MPC), import of fatty acids by carnitine palmitoyltransferase 1 (CPT1) or glutaminolysis by glutaminase (GLS) with the pharmacological inhibitors UK5099, etomoxir and BPTES, respectively (Figure 4D). The color of the MPC inhibitor obstructed flow cytometric analysis, but we found that it had no effect on MICA transcription (Figure 4D). The CPT1 inhibitor etomoxir reduced MICA transcript levels and surface expression in MGAT5 KO cells, whereas inhibition of GLS had no effect (Figure 4D and Supplementary Figure S4B). MICA mRNA levels in WT cells were not affected by etomoxir, but the response in WT cells was otherwise comparable (Supplementary Figures S4B,C). These data suggest that constitutive MICA expression in MGAT5 KO cells depends on fatty acid oxidation. Accordingly, MGAT5 KO cells also had increased accumulation of neutral lipids, providing plenty of substrate for fatty acid oxidation (Figure 4E). However, etomoxir has recently been shown to have inhibitory effects on OXPHOS independent of fatty acid oxidation, suggesting that MICA expression may be independent of fatty acid oxidation, but supporting the importance of functional mitochondria (64). We further tested if MGAT5 KO-induced MICA expression was regulated by the mitochondrial production of reactive oxygen species (ROS), but the antioxidant N-Acetylcysteine (NAc) potentiated rather than reduced MICA expression (Supplementary Figure S4D). Furthermore, MGAT5 KO cells had a higher membrane potential measured with the mitochondrial directed probe TMRM, but no difference in mitochondrial mass, quantified with the fluorescent probe MitoTracker (Figures 4F,G), demonstrating that the enhanced SRC was not caused by an increased mitochondrial mass.
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FIGURE 4. MICA expression requires functional adaptation of mitochondria in MGAT5 KO cells. (A,B) Mitochondrial stress test performed on HEK293 wildtype (WT) and HEK293 MGAT5 knockout (KO) cells and analyzed by Seahorse XF analysis. (A) Fluctuations in oxygen consumption rate (OCR) after addition of oligomycin (1 μM), FCCP (1 μM) and rotenone/antimycin A (Rot/AA) (0.5 μM). (B) Shows quantifications of basal respiration (third measuring point) and maximal respiration (OCR after FCCP addition) adjusted for non-mitochondrial oxygen consumption (OCR after Rot/AA), and ATP-coupled respiration (the drop in OCR after oligomycin). Data shows mean ± SEM of three independent experiments. (C) MICA mRNA analyzed by quantitative RT-PCR in total RNA purified from KO cells after 4 h treatment with DMSO or the mitochondrial uncoupler FCCP (2.5 μM). MICA expression is normalized to housekeeping gene RPLP0 and displayed as ratio relative to vehicle (DMSO) as mean ± SEM of four independent experiments. (D) MICA expression after inhibition of TCA cycle substrates: MICA mRNA analyzed by quantitative RT-PCR in total RNA purified from KO cells after 4 h treatment with DMSO or the pyruvate import inhibitor UK5099 (200 μM). MICA expression is normalized to housekeeping gene RPLP0 and displayed as ratio relative to DMSO control (left). MICA surface expression analyzed by flow cytometry in KO cells after 18 h treatment with fatty acid import inhibitor etomoxir (500 μM) (middle) or glutaminolysis inhibitor BPTES (5 μM) (right). Mean fluorescent intensity (MFI) values are corrected for isotype background staining and displayed as percent of DMSO control. All three graphs display mean ± SEM from three independent experiments. (E) Neutral lipid stain with Bodipy 493/503 probe was loaded to WT and KO cells and detected by flow cytometry. Grid is set at ∼5% according to stained WT cells. Dot plots are representative of four independent experiments. (F,G) Mitochondrial membrane potential (F) and mitochondrial mass (G) in WT and KO cells measured with the fluorescent probe TMRM (25 nM) or MitoTracker Green FM (10 nM), respectively. The bar graphs display mean ± SEM of MFI values from three-five independent experiments. Statistical analysis was performed by multiple t-test with a 5% false discovery rate in (A,B), and one-sample t-test in (C,E), and paired t-test in (F,G). **p < 0.01 and ***p < 0.001.


Together, our data indicate that mitochondrial properties are altered in MGAT5 KO cells evident by an increased membrane potential and enhanced SRC, and disrupting mitochondrial integrity reduced MICA expression. Mitochondrial function is thus critical for the increased MICA expression in MGAT5 KO cells, but not by producing ROS.



Mitochondrial Export of Citrate Facilitates MICA Expression in MGAT5 KO Cells

In a metabolite screen, we found that most detected and confirmed intracellular metabolites were more abundant in MGAT5 KO cells compared with WT cells (Figure 5A). When measuring forward scatter by flow cytometry, we furthermore found that MGAT5 KO cells were larger in size (Figure 5B). Additionally, MGAT5 KO cells had higher dNTP levels, specifically dTTP and dATP (Figure 5C). Combined with the lipid accumulation (Figure 4E), this indicates that MGAT5 KO cells accumulate metabolites compared with WT cells.
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FIGURE 5. Mitochondrial export of citrate facilitates MICA expression. (A) Intracellular metabolites in HEK293 wildtype (WT) and HEK293 MGAT5 knockout (KO) cells quantified by LC-HRMS. Relative peak areas (a.u.) of identified metabolites (N:35) from three experiments are pooled, expressed as ratios (KO/WT) and sorted accordingly. (B) Cell size of WT and KO cells measured as forward scatter (FSC) by flow cytometry, representative of at least three independent experiments. (C) Deoxynucleotides (NTPs) in whole cell lysates of WT and KO were quantified by DNA polymerase assay. The bar graph displays mean ± SEM from three independent experiments. (D) Intracellular citrate levels in WT and KO cells after 6 h treatment with PBS (UT) or hydroxycitrate (HC, 30 mM) quantified by LC-HRMS. The graph displays relative peak areas (a.u.) as mean ± SEM from three experiments. (E) Oxygen consumption rate (OCR) by WT or KO cells 2 h after HC (15 mM) injection by Seahorse XF instrument. Percent of OCR at the time of HC injection is presented as mean ± SEM from five independent experiments. (F) MICA surface expression on WT and KO cells analyzed by flow cytometry after 42 h treatment with indicated concentrations of HC. The bar graph displays isotype corrected MICA expression (ΔMFI) as mean ± SEM from three independent experiments. (G) MICA surface expression on WT and KO cells analyzed by flow cytometry after 18 h treatment with HC (15 mM) with or without indicated concentrations of oxaloacetate (OAA). ΔMFI is shown as percent of corresponding treatment without HC, and graph displays mean ± SEM from three independent experiments. (H) MICA surface expression on WT and KO cells 3 days post transfection with scrambled siRNA (siCtr), siIDH1 or siIDH2. The bar graph displays ΔMFI as mean ± SEM from three independent experiments. (I) MICA surface expression on WT and KO cells after 18 h treatment with indicated concentrations of citrate. The bar graph displays ΔMFI as mean ± SEM from three independent experiments. Statistical analysis was performed by unpaired t-test in (C), two-way ANOVA with Bonferroni’s multiple comparison test in (D–F,I,H), and one-way ANOVA with Dunnett’s multiple comparison test in (G). *p < 0.05, **p < 0.01, and ***p < 0.001.


In contrast, citrate was the only metabolite that was lower in MGAT5 KO cells (Figure 5A). Cancer cells support increased growth and proliferation by exporting mitochondrial citrate to the cytoplasm. When citrate exits the mitochondria through the citrate/malate-exchanger, it can be converted to acetyl-CoA and OAA by the cytosolic ACLY. The citrate analog hydroxycitrate (HC) is a non-functional competitive inhibitor of ACLY. We found no difference in ACLY expression or the activating ACLYS455 phosphorylation (65) between WT and MGAT5 KO cells (Supplementary Figure S5A). However, treatment with HC resulted in citrate accumulation that was more pronounced in MGAT5 KO cells compared with WT cells (Figure 5D), suggesting that the lower levels of citrate in MGAT5 KO cells is caused by a high citrate turnover (Figures 5A,D). To further validate that MGAT5 KO cells had increased turnover of citrate, we blocked ACLY to inhibit citrate export from mitochondria, thereby forcing citrate to be oxidized in the TCA cycle. Indeed, only MGAT5 KO cells increased OCR significantly after HC treatment (Figure 5E). Moreover, HC reduced surface MICA expression in MGAT5 KO cells (Figure 5F), and this reduction was validated by another ACLY inhibitor BMS303141 (Supplementary Figure S5B). HC decreased MICA mRNA levels as well, suggesting a transcriptional regulation (Supplementary Figure S5C). OAA can readily be converted to malate and re-enter the mitochondria to keep the citrate/malate-exchanger running, and addition of OAA rescued the expression of MICA after ACLY inhibition (Figure 5G), suggesting that MICA expression depends on preserved flux of citrate from the mitochondria. Supporting this, we found that knockdown of isocitrate dehydrogenase 2 (IDH2) that converts isocitrate to α-ketoglutarate in the mitochondria, potentiated MICA expression in MGAT5 KO cells (Figure 5H and Supplementary Figure S5D). This indicates that increasing citrate efflux by blocking the TCA cycle downstream of citrate augments MICA expression. Furthermore, knockdown of the cytosolic IDH1 likewise upregulated MICA in MGAT5 KO cells (Figure 5H and Supplementary Figure S5D). Finally, MICA expression was amplified with the addition of citrate in MGAT5 KO cells but not WT cells (Figure 5I and Supplementary Figure S5E), indicating that the metabolic reprogramming in MGAT5 KO cells has provided a capacity to translate cytosolic citrate to MICA expression. Combined, this suggests that MICA expression in MGAT5 KO cells is maintained by mitochondrial efflux of citrate.



Increased Chromatin Accessibility at the MICA Transcription Start Site in MGAT5 KO Cells

Conversion of citrate by ACLY regulates proliferation and gene expression by providing acetyl-CoA for fatty acid synthesis and histone acetylation (14). Inhibiting the synthesis of fatty acids did not impair MICA expression in MGAT5 KO cells (Supplementary Figure S6A). Similar to citrate, acetate can increase the acetyl-CoA pool and has previously been shown to induce MICA expression in cancer cells (15). In line with this, we found that acetate potentiated MICA expression in MGAT5 KO cells (Supplementary Figure S6B), indicating that MICA expression in MGAT5 KO cells could be responsive to increased acetyl-CoA. To test if MICA expression depended on protein acetylation, we inhibited histone acetyl transferases (HATs) with anachardic acid, and this impaired MICA expression in MGAT5 KO cells significantly (Figure 6A). Since histone acetylation regulates chromatin accessibility that modulates gene transcription, we next investigated if this was altered in MGAT5 KO cells. Indeed, ATAC-seq analysis revealed that MGAT5 KO cells had a region −196 to + 264 bp from the MICA transcription start site where the chromatin was significantly more open than in WT cells (Figure 6B), indicating increased accessibility for transcriptional activity. Analysis of chromatin accessibility across the whole genome demonstrated that several of the top 10 motifs that were enriched in MGAT5 KO cells were binding sites for factors related to the activating protein-1 (AP-1) transcription factor complex (Figure 6C) which is known to bind to the MICA promoter (66). Reciprocally, downregulated peaks comprised consensus motifs for the transcriptional repressor CTCC-binding factor (CTCF) and the CTCF-like Brother of the Regulator of Imprinted Sites (BORIS) that are known regulators of chromatin structure (Figure 6D) (67, 68). These findings suggest that CTCF-mediated chromatin condensation in WT cells may be abrogated in MGAT5 KO cells, possibly due to metabolite-mediated epigenetic changes.
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FIGURE 6. Increased chromatin accessibility at the MICA transcription start site in MGAT5 KO cells. (A) MICA surface expression analyzed by flow cytometry in HEK293 wildtype (WT) and HEK293 MGAT5 knockout (KO) cells after 24 h treatment with the HAT inhibitor anachardic acid (75 μM). The bar graph displays isotype corrected MICA expression (ΔMFI) as mean ± SEM from three independent experiments. (B–D) Chromatin accessibility in WT and KO cells analyzed by ATAC-seq. (B) Chromatin accessibility of WT and KO at chromosome 6 spanning the MICA gene. Normalized ATAC-seq data are aligned with MICA transcripts from RefSeq and ENCODE H3K4me3 ChIP-seq data from HEK293 cells. Genomic regions with significant differences in chromatin accessibility are highlighted in blue. The ATAC-seq track is representative of three independent experiments. (C) Top 10 enriched motifs in peaks upregulated in MGAT5 KO cells. (D) Top 10 enriched motifs in peaks downregulated in MGAT5 KO cells. (E) MICA promoter activity in WT and KO cells analyzed as luciferase activity 24 h after transfection with promoter-less firefly luciferase construct (pGL3B) or firefly luciferase-coupled MICA promoter (MICA). Firefly luciferase activity is normalized to an SV40 promoter-coupled renilla luciferase co-transfected into the cells. The bar graph displays mean ± SEM from four independent experiments. Statistics in (A,E) are analyzed using two-way ANOVA with Bonferroni’s multiple comparison test. **p < 0.01.


The region of the MICA promoter that displays increased chromatin accessibility in MGAT5 KO cells is known to be involved in the transcriptional regulation of MICA and consistent with this, it is rich in H3K4me3 marks (Figure 6B). This region comprises binding sites for heat shock factor, Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), Sp1, and AP-1 transcription factor complex (Supplementary Figure S6C) (30, 43, 66). To investigate if MICA transcription was upregulated due to increased activity of transcription factors binding to this region, we measured luciferase activity in a MICA promoter construct expressed in WT or MGAT5 KO cells. The MICA promoter was constitutively active in both WT and MGAT5 KO cells compared with the promoter-less construct pGL3B, but luciferase activity was comparable in WT and MGAT5 KO cells (Figure 6E), indicating that the raised MICA transcript levels in MGAT5 KO cells are not driven by increased transcription factor activity at this site. Further, MICA promoter constructs with mutations in either NF-κB binding site, heat shock element (HSE) or both (30), were equally expressed in WT and MGAT5 KO cells (Supplementary Figure S6D). Histone acetylation is associated with open transcriptionally active chromatin and the histone deacetylase inhibitor FR901228 further upregulated MICA expression in MGAT5 KO cells (Supplementary Figure S6E). Transient stimulation with the short-chain fatty acid propionate also upregulated MICA expression in both WT and MGAT5 KO cells, indicating that acute stress-induced MICA regulation may be distinct from regulation of constitutively expressed MICA (Supplementary Figure S6E). These findings suggest that constitutive MICA expression in MGAT5 KO cells is influenced by the increased openness of the chromatin structure around the MICA transcription start site.



Hydroxycitrate Reduces MICA Expression in Activated T Cells and Multiple Cancer Cells

An increasing variety of histone modifications has been reported to modify chromatin accessibility. A recent study demonstrated that lactate can be used for lactylation of histones and thus regulate gene transcription (69). Since MGAT5 KO cells had reduced secretion of lactate (Figures 3D,E), intracellular lactate could modify chromatin structure like acetyl-CoA. We tested if MICA expression in MGAT5 KO cells was predominantly dependent on changed glycolytic or mitochondrial function. To distinguish the effects, we forced WT cells to lower glycolysis and increase mitochondrial respiration by cultivation in galactose-medium as previously described (70–72) (Supplementary Figure S7A). Galactose is processed at a slower rate than glucose, and cells thereby favor mitochondrial respiration for energy production. Interestingly, WT cells in galactose increased MICA mRNA levels after long-term cultivation (over 30 passages) (Figure 7A). MICA surface expression; however, was only marginally upregulated (Figure 7B). This indicates that increased mitochondrial function can facilitate MICA transcription, but mitochondrial activity is not sufficient for upregulating MICA surface expression to the levels seen in MGAT5 KO cells, which also have functional glycolysis. Similar to MGAT5 KO cells, we found that WT cells cultivated in galactose medium had increased SRC (Figure 7C). Moreover, their MICA expression was impaired by treatment with HC (Supplementary Figure S7B) and amplified by treatment with citrate (Supplementary Figure S7C), supporting that cells cultivated in galactose have gained an enhanced capacity to express MICA, resembling MGAT5 KO cells.
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FIGURE 7. Hydroxycitrate reduces MICA expression in activated T cells and multiple cancer cells. (A) MICA mRNA analyzed by quantitative RT-PCR in total RNA purified from HEK293 cells after more than 30 passages in glucose (Glc) and galactose (Gal). MICA expression is normalized to housekeeping gene RPLP0 and displayed as mean ± SEM from six independent experiments. (B) MICA surface expression analyzed by flow cytometry of Glc and Gal cells at basal levels. Dot plots are representative of at least three independent experiments. Grid is set to ∼5% of corresponding isotype control stainings. (C) Mitochondrial stress test on HEK293 cultivated in Glc or Gal under same conditions as in Figure 4A. The graph is baselined to measuring point three and displays mean ± SEM from two independent experiments. (D) MICA/B surface expression of peripheral blood lymphocytes (PBLs) activated for 3 days in Glc or Gal growth medium prior to 18 h treatment with FR901228 (20 ng/mL). Grids in dot plots are set to ∼5% of corresponding isotype control staining and dot plots are representative of seven different donors. The bar graph displays mean ± SEM of isotype-corrected MICA/B MFI (ΔMFI) from seven donors. Left panel is zoomed in on the difference between untreated Glc and Gal PBLs. (E,F) HEK293 MGAT5 knockout (KO) cells were treated with (E) 2DG (20 mM) or (F) hydroxycitrate (HC) (15 mM) in addition to PBS (UT), citrate (10 mM), or GlcNAc (25 mM) for 22–24 h. Bar graphs display MICA surface expression as mean ± SEM of ΔMFI values from three independent experiments. Data of UT samples share values with UT samples in Figure 3H. (G) MICA surface expression in several cancer cell lines after 18 or 42 h treatment with HC (10 mM). ΔMFI values are normalized to UT control and shown as mean ± SEM from at least three independent experiments. (H,I) MICA surface expression (H) and NKG2D-fc binding (I) in cancer cell lines after 2.5 h treatment with HC (10 mM) prior to 18 h stimulation with FR901228 (FR, 20 ng/mL) or sodium butyrate (But, 5 mM). Bar graphs display MICA surface expression as mean ± SEM of ΔMFI values (H), or NKG2D-fc surface binding as ± SEM of ΔMFI normalized to untreated (UT) control (I), from three independent experiments. Statistical analysis was performed by unpaired t-test with Welch’s correction in (A,E,F), ratio paired t-test in (D), one-sample t-test in (G), and two-way ANOVA with Bonferroni’s multiple comparison test (H,I). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Activated T cells are some of the few healthy cells that are capable of expressing MICA (73, 74). Furthermore, some T cell subsets shift to a cancer-like metabolism upon activation (75). We therefore investigated if expression of MICA/B by activated T cells was potentiated by enforcing mitochondrial activity with galactose-cultivation. We activated PBLs with CD3/CD28 and IL-2 for 3 days in glucose or galactose medium prior to stimulation with the HDACi FR901228. We observed an increase in basal MICA/B expression in galactose-cultivated PBLs as well as a prominent amplification of HDACi-induced MICA/B expression compared with glucose-cultivated PBLs (Figure 7D). This expression was blocked by HC (Supplementary Figure S7D). Combined, this indicates that the metabolic properties of galactose-cultivation supports constitutive MICA transcription, much like MGAT5 KO cells, supporting that mitochondria can drive basal MICA expression even at low glycolytic conditions.

In line with this, we found that MICA inhibition after blocking glycolysis in MGAT5 KO cells could be completely annulled by simultaneous addition of citrate (Figure 7E). In comparison, MICA expression after HC, could not be recovered by citrate or GlcNAc supplementation (Figure 7F), highlighting that citrate turnover is critical for MICA expression and distal to glycolytic regulation of MICA in MGAT5 KO cells. Interestingly, we also discovered that the NKG2DLs ULBP2/5/6, which were also upregulated in MGAT5 KO cells (Figure 1A), were not significantly regulated by modulating mitochondrial functionality, citrate metabolism, or histone acetylation, using etomoxir, HC or anachardic acid, respectively (Supplementary Figures S5F–H). To elucidate if cancer cells with constitutive MICA expression shared the same dependency on citrate conversion to maintain MICA expression, we treated different cancer cell lines with HC. Indeed, MICA expression on melanoma cell lines FM55m1, FM86, FM78, and SK-MEL-28, colorectal cancer cell lines HT29 and SW480, as well as HeLa and HaCaT cells were sensitive to ACLY inhibition by HC (Figure 7G). However, breast cancer cell lines MCF-7 and MDA-MB231, and prostate cancer cell lines PC-3 were either unresponsive to HC or increased MICA expression (Figure 7G). MICA expression in the HC-unresponsive MDA-MB231 cells were also unaffected by cultivation in galactose (Supplementary Figure S7E), suggesting that some cancer cells hold metabolic properties that have uncoupled MICA expression from citrate-metabolism. Upregulation of MICA on melanoma and colorectal cancer cell lines by treatment with HDACi FR901228 or butyrate, was significantly inhibited by HC treatment (Figure 7H), resulting in reduced binding of NKG2Dfc soluble receptor, as shown in FM78, FM86, and SK-MEL28 (Figure 7I). HC did not impair ICAM-1 expression, except form a minor reduction in FM55m1 and HT-29 cells (Supplementary Figure S7F), suggesting that citrate flux is essential for MICA expression in certain cancer cells.

Altogether, our data demonstrate that constitutively increased MICA expression in MGAT5 KO cells relied on metabolic alterations, and suggest that MICA expression was upregulated through an enhanced chromatin accessibility. A similar phenotype was observed in cancer cells that share a sensitivity to the ACLY inhibitor HC, and we propose that citrate drives basal MICA expression by providing acetyl-CoA for histone acetylation that can modify chromatin structure around the MICA transcription start site. Metabolic reprogramming of cancer cells can thus be monitored by the immune system through increased NKG2DL expression.



DISCUSSION

Altered metabolism is a recognized hallmark of cancer cells that has promised therapeutic opportunities for more than a decade (76). We have shown that citrate exported from mitochondria drives expression of MICA, a stress-induced ligand for the immune activating NKG2D receptor in multiple cancer cell lines, and we put forward a model where constitutive MICA expression is facilitated by metabolic regulation of chromatin structure.

Through examination of glycosylation-dependent MICA, we found that KO of the N-acetylglucosaminyltransferase MGAT5 increased MICA expression and thereby increased activation of NKG2D in vitro and in vivo. However, this is caused by altered metabolism rather than changes in MICA N-glycosylation. MICA∗008 and MICA∗018 are distinctly regulated by N-glycosylation, but both were expressed on the surface of both WT and MGAT5 KO cells, indicating that neither depend on complex N-glycan formation. HEK293 cells are homozygous for the MICA∗008 allele (77), and we found that MICA∗008 was upregulated posttranslationally in HEK293 MGAT5 KO cells, suggesting that there could be a contribution of allele-specific regulation. However, the posttranslational upregulation was not sufficient to describe the vast upregulation of endogenous MICA expression in MGAT5 KO cells was predominantly regulated transcriptionally. MGAT5 expression is in many cases associated with tumor progression and metastatic potential (22, 24, 78, 79). Inhibition of cancer-associated MGAT5 is considered a potential therapeutic target, and has led to immune activation in a breast cancer mouse model (27). In line with this, our data suggest that MGAT5 KO increases NKG2DLs, which would support cancer elimination in response to MGAT5 inhibition. Furthermore, MGAT5 KO has been associated with inflammatory diseases such as colitis (80), which also correlates with increased expression of NKG2DLs and thereby increased immune activation. Nevertheless, we found that MICA regulation was a long-term response to MGAT5 KO, hence, other early events may interfere and influence immunity before MICA expression is established. Further studies are required to pinpoint the direct involvement of MGAT5 and NKG2DLs in cancer and autoimmune diseases. This model; however, gives a framework for understanding constitutive regulation of NKG2DLs, and MGAT5 KO cells have here proven useful for investigating relevant cell metabolic features driving constitutive MICA expression.

Others have shown that MGAT5 overexpression increases surface expression of growth factor receptors through glycosylation and thereby regulate growth (25, 26, 56, 81). Notably, our MGAT5 KO cells also show increased growth and glucose uptake, possibly due to an excessive compensating feedback mechanism when adapting to the lack of MGAT5, which is likely driven by changes in the transcriptome, since glucose transporters were upregulated transcriptionally. We found that long-term UDP-GlcNAc accumulation in MGAT5 KO cells was important for MICA expression, which could contribute to the new metabolic phenotype. MGAT5 KO cells have increased aerobic glycolysis and lipid accumulation, suggesting enhanced lipid biosynthesis, compared with WT cells. These are all traits of cancer metabolism and could infer that MGAT5 KO cells resemble cancer cells metabolically (82).

Anti-cancer immune cells rely on some of the same metabolic pathways as cancer cells for exercising effector functions, and therapeutic strategies that target cancer metabolism can thus impede anti-cancer immunity (83). It is therefore critical to delineate metabolic pathways that are essential for cancer cells selectively or even promote immune surveillance. We found that metabolic changes in MGAT5 KO cells support MICA expression, since inhibition of glycolysis or disruption of mitochondrial integrity reduced chronic MICA expression. We argue that mitochondrial function is central for regulating constitutive MICA expression in MGAT5 KO cells and CD3/CD28-activated PBLs, since lowering glycolysis with culture medium deplete of glucose and supplemented with galactose raised MICA expression. Although constitutive MICA expression in MGAT5 KO cells was dependent on functional mitochondria, basal OXPHOS was similar in WT and MGAT5 KO cells, indicating that basal OXPHOS is not driving MICA expression.

Mitochondria export citrate to the cytosol for biosynthetic purposes, and this is increased in cancer cells (10). Cytosolic citrate inhibits phosphofructokinase of the glycolysis; therefore, maintaining a low level of cytosolic citrate is crucial for sustaining cancer-related aerobic glycolysis (13). We found that citrate flux was high in MGAT5 KO cells, maintaining low citrate levels that can support the increased aerobic glycolysis. The citrate efflux from mitochondria was critical for MICA expression in MGAT5 KO cells, and citrate supplementation could potentiate MICA expression. A cancer-associated mutation of IDH1 that generates the oncometabolite 2-hydroxyglutarate from cytoplasmic α-ketoglutarate (expected to diminish cytoplasmic citrate) has previously been shown to inhibit expression of the NKG2DLs ULBP1 and ULBP3 (84). This corresponds with our findings that cytoplasmic citrate is a driver of NKG2DL expression, and in further support of this we found that knockdown of IDH1 or IDH2 potentiated MICA expression in MGAT5 KO cells. Intracellular citrate is associated with cancer aggressiveness in prostate cancer cells and is a suggested biomarker for response to therapy (13, 85). Citrate administration sensitizes cancer cells to chemo therapy in vitro and therefore has an anti-cancer therapeutic potential (13, 86). Our data indicate that citrate may also contribute to tumor immune surveillance by upregulating NKG2DLs in metabolically reprogrammed cells, thus promoting an anti-tumor response. However, we found that MICA expression depended on citrate conversion to acetyl-CoA and OAA by ACLY. Furthermore, we found that acetate-induced MICA was impaired by ACLY inhibition (Supplementary Figure S6B), in line with previous findings showing that acetate can enter that TCA cycle and expand the acetyl-CoA pool through ACLY cleavage of citrate (87). ACLY is often overexpressed in cancer, and inhibition of ACLY is known to impair tumorigenesis, and impede cancer stemness and growth (11, 12, 88, 89). We did not detect increased expression levels of ACLY in MGAT5 KO cells compared with WT cells, suggesting that the citrate flux is driven by changes in metabolite levels possibly promoted by to the increased glucose uptake. We found that basal MICA expression in MGAT5 KO cells as well as several cancer cells, is downregulated in response to ACLY inhibition with HC. HC likewise impaired HDACi and SCFA-induced MICA in cancer cells. The consequences of constitutive MICA expression are poorly understood since it may have dual roles on anti-tumor immunity (90). Treating cancer with HC and thus reducing MICA expression can result in tumor immune evasion. Conversely, some cancers exhaust anti-cancer immunity by persistent high NKG2DL expression (4–7, 91), here HC treatment may be a selective treatment option. This hypothesis, however, needs further experimental verification, since the current study relies on in vitro findings. HC inhibition of MICA expression was selective to some tumors. Interestingly, prostate cancer cell line PC-3 was the only cell type that upregulated MICA in response to HC. Prostate cells are known to have atypical citrate metabolism because they produce and secrete large amount of citrate as a component of semen (92). Hence, to implement this in future treatment approaches it is important to define the metabolic prerequisites that couples citrate to MICA expression.

Mechanistically, ACLY regulates histone acetylation by controlling availability of acetyl-CoA that modulates chromatin accessibility and gene transcription. We show that MGAT5 KO cells have more open chromatin at the MICA transcription start site and that MICA expression was reduced by HAT inhibition, indicating that increased MICA mRNA is promoted by increased MICA transcription. Plasmid DNA does not form proper chromatin (93) And transcription of luciferase reporter plasmids was not upregulated in MGAT5 KO cells, indicating that MGAT5 KO-induced elevated MICA expression is maintained by increased chromatin accessibility rather than increased activation of transcription factors able to bind to this site. Constitutive MICA expression in MGAT5 KO cells may thus be driven by omnipresent transcription factors activating MICA due to the higher chromatin accessibility. It is well established that acetyl-CoA availability regulates global acetylation levels and gene expression (94). However, a mechanism controlling gene specificity has been unclear. After the discovery that acetyl-CoA-producing enzymes, including ACLY, can locate to the nucleus (95, 96), it has been proposed that localized production of acetyl-CoA facilitates site-specific acetylation (97). This was not explored in this study, but is a relevant course for future investigations.

Differences between expression of individual NKG2DLs in different cell types complicates the studies of NKG2DLs. It remains to be understood what determines if a cell can express NKG2DLs. Here, we provide evidence for a possible instructive role of the cell metabolism in regulating MICA, proposing that the permanent metabolic shift in cancer cells and activated T cells primes cells for MICA expression. Our data indicate that citrate holds a major regulatory role in basal MICA expression, likely by regulating chromatin accessibility through acetylation (Graphical abstract). It is noteworthy that the NKG2DLs ULBP2/5/6 likewise were highly upregulated in our cell model, but regulated in a distinct manner yet to be delineated. We recently published that the TCA intermediate fumarate upregulates ULBP2/5/6 in ROS-dependent manner (98), which together emphasize that the cell metabolism can convey a stress signal through NKG2DLs. Defining the metabolic control of NKG2DLs can help us design strategies targeting cancer metabolism without impairing immune surveillance. Furthermore, constitutive MICA expression is associated with increased inflammation and autoimmune diseases (99). This study investigates metabolic control of the immune stimulatory ligand MICA with a focus on metabolism as a hallmark of cancer. It is therefore tempting to speculate that metabolic control of constitutive MICA expression also is important in cases of metabolism-associated chronic inflammation.
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Background: Increasing evidence has indicated an association between differentially expressed genes (DEGs) in tumor-infiltrating immune cells (TIICs) and clinical outcome. The aim of this research is to investigate the influence of tumor microenvironment on the gene expression profile of TIICs and to identify their potential markers for modulating immune cell function in prostate cancer.

Methods: In our research, CIBERSORT algorithm was utilized to calculate the proportion of the TIICs in 164 tumor and 18 control samples from The Cancer Genome Atlas cohort. The differential expression analysis was conducted using R, and then the functional and the pathway enrichments of the DEGs were analyzed using Database for Annotation, Visualization, and Integrated Discovery, followed by integrated regulatory network analysis.

Results: As a result, nTreg, B cells, Th1, and DC cells were significantly increased, accompanied by largely decreased NK and NKT cells. The expressed immune-related gene correlation analysis showed that the signature gene expression extent of CD8 T cells was positively associated with CD4 memory activated T cells but negatively correlated with that of CD4 memory resting T cells. In addition, a total of 128 differentially expressed genes were identified. CytoHubba analysis obtained six hub genes, of which three prognostic-associated potential key molecules including CAV1, FLNA, and VCL were mainly involved in biological processes associated with the regulation of organic substance and synaptic connections.

Conclusions: This study provides a comprehensive understanding of the landscape of TIICs and the roles of the hub genes which may be valuable markers in prostate cancer diagnosis and immunotherapy.

Keywords: tumor-infiltrating immune cells, immune landscape, prostate cancer, immunological synapse, prognostic


INTRODUCTION

Prostate cancer (PCa) is one of the most frequently diagnosed neoplasm in many parts of the world, with an estimated 174,650 new cases and 31,620 deaths occurring in 2019 in the United States (1). Radical prostatectomy represents the standard treatment for localized PCa; disease recurrence after surgery remains a major clinical challenge. Previous studies have shown that adjuvant chemotherapy could improve the survival rate in these patients. Especially for advanced PCa, hormonal deprivation therapy can temporarily inhibit tumor progression through the androgen receptor signaling pathway, but this function is only effective for ~2 years. Therefore, it is clear that new immunotherapeutic trials and prognostic markers of tumor-infiltrating immune cells (TIICs) are needed for better clinical management.

It is well-known that the immune system has a vital role in controlling tumor progression. TIICs are essential components of the tumor microenvironment (TME) and most likely to be used as drug targets to improve the survival rate of patients. Intratumoral immune cells are increasingly recognized as responsible for antitumor immune responses inducing tumor growth, invasion, angiogenesis, and metastasis, which are associated with clinical outcomes (2). In the TME, pre-existing lymphocytes can recognize abnormally expressed neoantigens and play an important role in tumor regression (3). CD8 T cells in malignant tumors have been associated with better survival in breast cancer (BC), small cell lung carcinoma (SCLC), carcinomas of colon, bile duct, urothelium, and esophagus, as well as follicular lymphoma and uveal melanoma (4–11). Studies indicated that regulatory T (Treg) cells correlated with suppressing a great number of immune cells, including T cells (both CD8 and CD4 T cells), natural killer T (NKT) cells, natural killer (NK) cells, dendritic cells (DCs), Th17, B cells, and monocytes (12–18). Accumulating evidence confirmed the prognostic value of TIICs for many tumors, and it has been documented that high intratumoral immune cell intensity is associated with a better outcome in SCLC and BC (19, 20).

Previous studies have primarily used flow cytometry or immunohistochemistry (IHC) to assess the composition of infiltrating immune cells in tumors. Flow cytometry is usually based on several marker proteins, which is limited by the number of fluorescence channels, and only a few immune cell types can be evaluated at once by IHC. A systems biology tool, CIBERSORT, has been developed, which employs deconvolution of bulk gene expression data and a sophisticated algorithm for the quantification of many immune cell types in heterogeneous tumor samples (21). The type and the quantity of primordial cells in the cell mixtures of the tissue can be reconstructed and have been successfully verified by FACS. Using characteristic marker genes, CIBERSORT can quantify the relative scores of each immune cell type, which has been used in various malignant tumors (e.g., breast cancer and colon cancer) (22, 23). Importantly, the significance of the expression of immunoregulatory proteins such as PD-1/PD-L1 and CTLA4 has gained increasing attention in the scientific community in recent years. However, only few other immune cell-related molecular markers are known to be used for survival prediction or cancer treatment (24). Therefore, identification of key molecules involving PCa outgrowth is urgently required, which may successively provide novel prognostic markers and/or novel targeted therapies in patients with PCa.

In this work, the RNA-seq data of 182 samples, including 164 prostate tumors and 18 normal tissues based on The Cancer Genome Atlas (TCGA) database, were analyzed. The results might provide clues for a better understanding of the gene expression profiles involved in modulation of the phenotype of TIICs and to identify prognostic and predictive immune cell-related differentially expressed genes (DEGs) in PCa, which may offer clinical benefit to control and suppress tumor progression.



SUBJECTS AND METHODS


Data Acquisition and TIIC Evaluation

The gene-level RNA-Seq data of 164 primary prostate adenocarcinoma and 18 relevant normal samples were retrieved from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). The standard gene expression data were included to evaluate the relative proportions of 22 TIIC subpopulations by utilizing the CIBERSORT algorithm. CIBERSORT is a deconvolution algorithm based on the gene expression data to characterize immune cell composition using Monte Carlo sampling, which provided a measure of confidence in the result (21). These immune cell components included naïve B cells, plasma cells, memory B cells, CD8 T cells, naïve CD4 T cells, resting CD4 memory T cells, activated CD4 memory T cells, Tregs, follicular helper T cells (Tfh), γδ T cells, resting NK cells, activated NK cells, activated mast cells, resting mast cells, M0 macrophages, M1 macrophages, M2 macrophages, resting dendritic cells, activated dendritic cells, monocytes, neutrophils, and eosinophils. The samples with P < 0.05 were included.



Differential Expression Analysis

The gene expression data were normalized by the R package “limma” based on the Benjamini and Hochberg procedure (25) to screen DEGs by performing background correction, data normalization, conversion of original data, and expression calculation. Genes differentially expressed between tumor and relevant controls were defined using fold change >2 and P < 0.05 as cutoff criteria. Subsequently, the probes were annotated based on platform annotation files, and the probes without matching gene symbols were removed. For the different probes mapped to one and the same gene symbol, the average value of the probes was obtained as the gene expression value.



Functional and Pathway Enrichment Analysis

Database for Annotation, Visualization and Integrated Discovery (26) was used for Gene Ontology (GO) enrichment analysis. The DEGs of TIICs of prostate cancer patients were screened for functional enrichment. GO analysis was used to predict the degree of enrichment and the potential functions of the DEGs in biological processes, cellular components, and molecular functions. In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used for a systematic analysis of differences in gene functions. Using the database for annotation, visualization, and integrated discovery tool (version 6.7, https://david-d.ncifcrf.gov/) (27), the up-regulated and the down-regulated genes were conducted with GO functional and KEGG pathway enrichment analyses, respectively. The terms with P-value < 0.05 and count (the number of enriched genes) ≥2 were considered as the cutoff criterion.



PPI Network and Module Analyses

The Search Tool for the Retrieval of Interacting Genes (STRING, version 10.0, http://www.string-db.org/) (28) is an online database providing experimental and predicted protein–protein interaction (PPI) information. The PPI pairs among the proteins encoded by the DEGs were predicted and analyzed by the STRING database. The parameter was set with a medium confidence score >0.4. Then, PPI network was constructed using Cytoscape software (version 3.2.0, http://www.cytoscape.org) (29) to visualize the interaction of the up-regulated and the down-regulated genes (30). Subsequently, the degree centrality of the nodes in the PPI network was calculated by the CytoHubba plug-in (31) in Cytoscape software, the parameter of which was set as without an expanded subnetwork. The nodes with higher degrees were identified as the hub proteins (32). Additionally, the KEGG pathway enrichment analysis for nodes in the significant modules was performed using MATHT tool.



Immunofluorescence Evaluation

Immunofluorescence staining was carried out with 4-μm-thick sections of formalin-fixed, paraffin-embedded tumor tissues from clinical patients with prostate cancer. Following deparaffinization and rehydration of the tissue sections, antigen retrieval was performed by microwaving in 10 mM citrate buffer (pH 6.0). Primary anti-CD4 antibody (Agilent Technologies) was applied at 1:50 dilution. Alexa Fluor 594 or FITC (BioLegend, San Diego, CA, USA) was used, at a concentration of 1.5 μg/ml, as a secondary antibody for 1 h, and the nuclei were counterstained using 4′-6-diamidino-2-phenylindole (Sigma, Portland, OR, USA) for 5 min. After mounting, the sections were observed under an Olympus BX51 microscope at a magnification of ×200. At least four sections of tumor tissue were used for quantitative evaluation.



Statistics

The P-values for the experimental data were generated using a two-tailed Student's t-test with unequal variance (or a χ2 test where indicated). A P-value of less than 0.05 was considered as significant. Data are shown as mean ± SD.




RESULTS


Distribution and Correlation of TIICs in Prostate Cancer

CIBERSORT, a deconvolution algorithm method based on gene expression, was used to predict the fractions of multiple immune cell types in the gene expression profiles of admixtures. The cellular composition can be estimated based on standardized gene expression data, which indicate the abundances of specific cell types. In this study, we explored TIICs in PCa tissue by the CIBERSORT algorithm. Based on the criteria of P < 0.05, 31 samples were included. Figure 1A shows the proportions of immune cells in each PCa sample in different colors, and the lengths of the bars in the bar chart indicate the levels of the immune cell populations. CD4 memory resting T cells had a significantly low percentage in TIICs (P < 0.001).


[image: Figure 1]
FIGURE 1. Landscape of immune cell infiltration in prostate cancer (PCa) tissues. (A) Bar charts of 22 immune cell proportions in PCa and normal tissues. (B) Correlation matrix of all immune cell proportions. (C) Heat map of the immune cell proportions between PCa and normal tissues. The standardized immune cell infiltration levels are depicted by the color gradient: green, low infiltration ratio; red, high infiltration ratio. Values in black represent a ratio equal to 0. Result visualization was performed by using R package ggplot2 (version 3.1.0). Correlation analysis and visualization were performed by using R package corrplot (version 0.84).


Figure 1B indicates the correlation between these differentially expressed types of immune cells. The result revealed that CD8 T cells were positively correlated with CD4 memory activated T cells but negatively correlated with CD4 memory resting T cells in PCa. As shown in the chart in Figure 1C, we identified that regulatory T cells had a relatively high percentage (P < 0.001), but CD4 memory resting T cells had a significantly low percentage in TIICs (P < 0.001).



DEGs and Significance of Extensive Infiltration of TIICs

The DEGs were identified by the Robust MultiArray Averaging method in R package. Threshold |logFC| >1 and P < 0.05 were used as criteria for comparison (33). Genes differentially expressed of TIICs screened based on the database CellMarker (http://biocc.hrbmu.edu.cn/CellMarker/) between PCa and the controls were defined for further study. The presence of TIIC profiles was reanalyzed by applying IMMUCELL AI criteria. The results showed that the intratumoral TIIC profiles were significantly enriched in nTreg (P = 0.0064), Th1 (P < 0.001), and DC (P = 0.0015), but the CD4 naive (P < 0.001), NK (P = 0.0012), and NKT cells (P < 0.001) were significantly decreased in the PCa tissues (Figures 2A–P).


[image: Figure 2]
FIGURE 2. Immune cell abundance was analyzed and checked by immune cell abundance identifier (ImmuCellAI) in groups between prostate cancer (PCa) and normal tissues. (A) CD4 naive, (B) CD8 naive, (C) Th1, (D) Th2, (E) effector memory, (F) NKT, (G) NK, (H) Tfh, (I) exhausted, (J) Tr1, (K) nTreg, (L) iTreg, (M) DC, (N) B cell, (O) monocyte, and (P) macrophage. Expression data used in ImmuCellAI were collated by using R package tidyverse (version 1.3.0). R package ggpubr (version 0.2.4) was used for t-test.




Functional Annotation and Pathway Enrichment

The enriched GO terms and KEGG pathways for the TIIC-related DEGs were identified (26). As shown in Table 1, the top three biological process terms associated with the up-regulated and down-regulated DEGs were involved in the response to organic substance, oxidative stress, and hormone stimulus. In terms of cellular components, the DEGs were mostly associated with extracellular matrix and basolateral plasma membrane. Molecular function analysis indicated that the DEGs were mainly enriched in mitogen-activated protein kinase phosphatase activity and cytoskeletal protein binding. A subsequent KEGG pathway enrichment analysis revealed that the functions of the DEGs were primarily enriched in focal adhesion, nicotinate and nicotinamide metabolism, and phosphatidylinositol signaling system. The terms with P-value < 0.05 and count (the number of enriched genes) ≥2 were considered as the cutoff criterion.


Table 1. GO functional and KEGG pathway enrichment analysis of DEGs.
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Analyzing the Modules of the Networks

To investigate the gene expression module of TIIC results in the influence of tumor microenvironment, PPI network was generated using the significantly expressed immune cell-related DEGs (Figure 3A). To further identify the hub gene and the key pathways, edge percolated component and shortest path analyses were conducted by CytoHubba plug-in in Cytoscape. The most significant modules composed of 10 nodes were screened out from the PPI networks (Figure 3B). In addition, to characterize the properties of the key nodes based on the analysis of the PPI network, we initially selected first-stage nodes associated with the transcription factor DLX1 and FOS to identify the potential candidate markers which may exert a significant influence on the biological function of the TIICs (Figures 3C,D). Moreover, Gene Set Enrichment Analysis (GSEA) was implemented between control and PCa groups. The results revealed that the gene sets were mainly enriched in regulatory T cells (Treg) (Figure 3E); however, few gene sets were distributed in double-positive (DP) and effector memory T cells of the PCa tissues (Figures 3F,G). These analyses reflect a negative regulation and a cold tumor microenvironment of PCa.


[image: Figure 3]
FIGURE 3. Protein–protein interaction networks and Gene Set Enrichment Analysis. (A) Network of significant proteins from the tumor-infiltrating immune cell (TIIC)-associated differentially expressed genes. Red and green intensities indicate the degree of up-regulation and down-regulation, respectively. (B) Significant hub proteins extracted by Edge Percolated Component algorithm from network A. (C) TIIC-associated transcription factor DLX1-centered regulatory network. (D) TIIC-associated transcription factor FOS-centered regulatory network. (E) Enrichment of genes in TREG_VS_TCONV_CD4_TCELL_FROM_LN_UP. (F) Enrichment of genes in DP_VS_CD4_THYMOCYTE_DN. (G) Enrichment of genes in EFFECTOR_MEMORY_VS_NAIVE_CD8_TCELL_UP.




The Expression Profile of Immune DEGs

The expression pattern of six differentially expressed hub genes including DLX1, CAV1, GPX2, FLNA, HOXC6, and VCL in all samples between two groups was analyzed (shown in Figures 4A–F). The results demonstrated that the mRNA expression levels of DLX1 and HOXC6 were significantly increased, whereas the expression levels of the other genes were remarkably decreased in TIICs compared with those in the controls. Receiver operating characteristic analysis was then performed for all of the hub genes (Figures 4G–L), and area under the curve represented the set of all possible statistical tests of the microarray data with equal probability for a true positive and a false positive result based on each decision threshold value. Of these hub genes, the expression levels of HOXC6 and CAV1 in PCa and controls were shown to be in good consistency.


[image: Figure 4]
FIGURE 4. Comparable evaluation of the expression patterns and receiver operating characteristic (ROC) curves of six differentially expressed hub genes between PCa and control samples. Expression levels of (A) DLX1, (B) CAV1, (C) GPX2, (D) FLNA, (E) HOXC6, and (F) VCL; each dot represents one patient. Mean values and standard deviations were calculated for each patient group and compared using one-way ANOVA. ROC curves of (G) DLX1, (H) CAV1, (I) GPX2, (J) FLNA, (K) HOXC6, and (L) VCL.




Identification and Evaluation of Prognosis-Associated Key Molecules

Kaplan–Meier survival analysis was conducted to identify the prognostic values of the hub genes with regard to the overall survival of PCa patients from the TCGA cohort. The results demonstrated that four hub molecules including FLNA, GPX2, CAV1, and VCL were significantly associated with overall survival in PCa patients (Figures 5A–F). The expression characteristics of the synaptic function-associated potential key molecules VCL, FLNA, and CAV1 were further identified by immunofluorescence staining in clinical samples of PCa patients, and it was observed that these proteins were particularly expressed in TIICs of the TME. However, they are scarcely found in tumor cells (Figures 5G–I). These key molecules differentially expressed in the TIICs may have an important clinical value in PCa diagnosis and immunotherapy.
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FIGURE 5. Kaplan–Meier overall survival analysis of the hub genes in prostate cancer (PCa) patients and immunofluorescence image of the key molecules CAV1, FLNA, and VCL. Overall survival curves for (D) DLX1, (E) FLNA, (F) GPX2, (G) CAV1, (H) HOXC6, and (I) VCL in PCa patients. Red lines: cases with copy alteration; blue lines: cases without copy alteration. p < 0.05 is considered as significant. Immunofluorescence labeling for (A) DLX1, (B) FLNA, and (C) CAV1 in clinical representative samples of PCa patients.





DISCUSSION

Immune cells are the fundamental ingredients of the tumor microenvironment. Except for malignant neoplastic cells, TIICs including CD4 T cells, CD8 T cells, Treg, macrophage, DC, and NK cells also play important roles in shaping the tumor microenvironment. Those TIIC or bioactive molecule-mediated interactions can exert inhibitory effects on the malignant cells, whereas during tumor progression the tumor cells may exploit immune cells or relative molecules to circumvent these inhibitory signals (34). A growing number of studies have shown that the TIICs can be used to predict the clinical outcome and the treatment response of various tumors (35, 36). Actually, increasing evidence indicated that increased active T cells and memory T-cell infiltration are closely related to a favorable prognosis (37), but immune-suppressive regulatory T cells are the opposite (38).

To determine the prognostic value of TIICs, we used CIBERSORT for deconvolution of global gene expression data to define the immune cell landscape in PCa. The results showed that most of the enriched infiltrates were nTreg, Th1, DC, and macrophages. The nTreg cells cover subsets of iTreg cells, inducible co-stimulator (ICOS) Treg cells, Tr1 cells, and IL-17-producing Treg cells. These Treg cells share some common features, such as Foxp3 expression (Tr1 cells are the exception), and release immunosuppressive cytokines including IL-10 and TGF-β (39). Foxp3-expressing nTreg cells, which express CD25, lymphocyte activation gene 3 (LAG-3), and CTLA-4, are produced from the thymus and suppress adaptive and innate immune cells (40). ICOS Treg cells are a highly suppressive population of Treg cells which secret IL-10, IFN-γ, and IL-17. It is confirmed that, in human melanoma, ICOS Treg cells are the most suppressive population (41). Tr1 cells, as another Treg subset, can secrete TGF-β at high levels and play an important role in immune tolerance and suppressing autoimmune responses (42, 43). Increasing evidence suggested that the abovementioned regulatory T cells can suppress various effector functions of a wide variety of immune cells such as CD8 T and CD4 cells, NK cells, NKT cells, DCs, and macrophages (40, 44). This is consistent with the GSEA results that few gene sets were distributed in DP T cells and effector memory T cells infiltrated in PCa tissues.

In this study, CD4 naive T cells significantly decreased while Th1 cells and DC cells increased in tumor tissues. We could confirm that CD4 T cells infiltrated in tumors; however, even a higher level of CD4 T cells was found in the central cancer stroma and along the invasive margins of the tumor, which possibly indicated an impeded infiltration into the tumor. DCs are professional antigen-presenting cells (APCs) that can efficiently present antigens to maintain and regulate T cell immune responses in the adaptive immune system (45). In the tumor microenvironment, DCs migrate into tumor tissue through blood circulation and interact with cancer cells and TIICs. However, it seems unlikely that tumor-infiltrating dendritic cells (TIDCs) possess the ability to present tumor-derived antigen in situ for antigen presentation, without further TIDCs maturational status (46). The results indicated that cancer cells may affect the antigen presentation ability of DCs, which in turn contribute to the immune escape of tumor cells. From the networks established by the DEGs, we screened the three potential key molecules including CAV1, FLNA, and VCL, which were significantly down-regulated and remarkably associated with PCa patient overall survival. Caveolin-1 (CAV1) is a key organizer of membrane specializations that orchestrate signal transduction and membrane and protein traffic in polarized various cell types. Previous investigations have established CAV1 as vital to T cell function in the context of both antigen presentation and signal transduction (47). A study indicated that CAV1 orchestrates specific T cell responses to Ag receptor engagement, facilitating the polarized redistribution of membrane rafts to the APC-T cell contact in CD8 T cells (48). Knockdown of CAV1 expression resulted in significantly decreased migration and proliferation and impaired ability of cells to form immune synapses. However, over-expression of CAV1 was associated with immune tolerance in chronic lymphocytic leukemia cells (49). Mammalian filamins (FLNs) are a family of three large actin-binding proteins which affect cell spreading and migration. FLN-deficient cells spread to a lesser extent than wild-type or single knockdown cells (50). Vinculin (VCL), an actin filament (F-actin)-binding protein, may play important roles in cell matrix adhesion, cell–cell adhesion, cell morphology, and locomotion (51, 52), indicating that TIIC polarity and synaptic compositions are modulated, which may affect TCR signal transduction and functional output in the TIICs of PCa microenvironment.

In conclusion, this study revealed the distinct immune infiltration patterns of TIICs in PCa and identified several crucial genes that may be involved in membrane polarity of the intratumoral immune cells and play an important role for PCa prognosis. Nevertheless, it reminds us that there are certain limits to the analysis since there are many different gene interactions resulting from various cellular conditions. These exploratory analyses still provide information about potential candidate genes as well as the signal pathways underlying TIICs in TME and bestow a theranostic perspective to the current trend of research.
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Pyruvate kinase M2 (PKM2) is a key enzyme of glycolysis, which is highly expressed in many tumor cells, and has emerged as an important player in tumor progression and metastasis. However, the functional roles of PKM2 in tumor metastasis remain elusive. Here we showed that PKM2 promoted prostate cancer metastasis via extracellular-regulated protein kinase (ERK)–cyclooxygenase (COX-2) signaling. Based on public databases, we found that PKM2 expression was upregulated in prostate cancer and positively associated with tumor metastasis. Further analysis showed that PKM2 promoted prostate cancer cell migration/invasion and epithelial–mesenchymal transition (EMT) through upregulation of COX-2. Mechanistically, PKM2 interacted with ERK1/2 and regulated its phosphorylation, leading to phosphorylation of transcription factor c-Jun, downstream of ERK1/2, to activate COX-2 transcription by IP and ChIP assay, while inhibition of COX-2 significantly reversed the promotion effect of PKM2 on tumor metastasis in vivo. Taken together, our results suggest that a novel of PKM2–ERK1/2–c-Jun–COX-2 axis is a potential target in controlling prostate cancer metastasis.
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INTRODUCTION

Prostate cancer (PCa) is one of the most commonly diagnosed cancers and the third leading cause of cancer death in men around the world, particularly in developed countries (1, 2). Although the development of effective therapy for PCa metastasis had contributed to improve the survival, the metastatic disease is still incurable and lethal (3). Thus, identification of the novel potential molecular changes that lead to formation of distant metastasis is critical for the improvement of therapeutic interventions for metastatic prostate cancer, which may favor developing therapy strategies to prevent primary prostate cancer from metastasis.

Cancer metastasis is a complex series of events, including migration of cancer cells from their primary tumor, survival in circulation, attachment to the metastatic site, and proliferation as micrometastases (4, 5). During the metastasis, cyclooxygenase-2 (COX-2), a key enzyme in the conversion of arachidonic acid to prostaglandins and other eicosanoids, played an important role in promoting a more metastatic phenotype in colorectal tumor cells, while COX-2 inhibition in vivo can attenuate the metastatic potential of colorectal tumors in both humans and mice (6, 7). Although COX-2 is also highly expressed and correlated with angiogenesis, the contribution of COX-2 in the regulation of prostate cancer metastasis remains unclear (8).

Pyruvate kinase isoform M2 (PKM2), the key rate-limiting enzyme catalyzing the final step of glycolysis, plays a critical role in tumor glucose metabolism and is highly expressed in various types of human cancers (9, 10). PKM2 has been proposed to play a vital role in maintaining the metabolism program (11, 12), promoting proliferation (11), resistance to genotoxic treatments (13), and metastasis (14) and inducing cancer stem-like cell properties (15) in many types of cancer. Besides its roles in regulating the cancer cell, PKM2 has been proven to contribute to tumor microenvironment, such as reducing lactate production, increasing OXPHOS (9, 16). In addition, Buschow et al. provided extracellular PKM2, which has biological function and play a role in cell–cell crosstalk (17, 18). However, the specific mechanism through which PKM2 contributes to prostate cancer progression and metastasis is yet to be fully explored.

In the present study, we further addressed the high expression of PKM2 in prostate cancer, contributing to COX-2-mediated epithelial–mesenchymal transition (EMT) and tumor metastasis by ERK1/2 signaling in vivo and in vitro. Overexpression of PKM2 in DU145 and PC-3 cells significantly increased tumor invasion and migration by Transwell assay, which is attributed to COX-2 expression, which was increased in response to PKM2, while inhibition of COX-2 significantly reversed the above phenomenon. Further analysis showed that the endogenous PKM2 interacted with ERK1/2, leading to phosphorylation and nuclear location of C-JUN, subsequently binding to COX2 promoter and transcription. In summary, we supplied a novel PKM2–ERK1/2–COX-2 signaling in mediating EMT and tumor metastasis.



MATERIALS AND METHODS


Cell Culture and Reagents

PC-3 and DU145 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). PC-3 was cultured using DMEM/F12 (Corning, NY, United States) containing 10% fetal bovine serum (Gibco, CA, United States), and DU145 was cultured in DMEM (Corning, NY, United States) supplemented with 10% FBS. Celecoxib was obtained from MedChem Express (NJ, United States). PD98059 and U0126 were purchased form Beyotime Institute of Biotechnology (Jiangsu, China). PGE2 was from Santa Cruz (sc-201225A). Authentications of PC-3 and DU145 cells were performed by STR profiles with ABI3500xl Genetic Analyzer, and all the cells were verified to have no contamination with mycoplasma before the experiments.



RNA Interference and Plasmids Transfection

siRNA targeting PKM2 (si-PKM2) and negative control siRNAs (si-CTL) were purchased from GenePharma (Shanghai, China). siRNA targeting COX-2 (si-COX-2) and control siRNAs were purchased from RIBOBIO (Canton, China). Plasmids were a gift by Dr. X He (19). siRNAs and plasmids were transfected by Lipofectamine 3000 (Invitrogen, CA, United States) or with Hilymax (Dojindo, Japan) following the manufacturer’s instructions.



Generation of Stable Cell Lines

Human PKM2 lentivirus (OE-PKM2) and the negative control (Control) were purchased from OOBIO (Shanghai, China), and shRNA of the lentivirus-targeting PKM2 (LvshPKM2) and scrambled shRNA lentivirus (Mock) were obtained from GenePharma. After an infection indicated a lentivirus, puromycin was used to select stable cell lines.



RNA Extraction and qRT-PCR

Total RNA was isolated from different prostate cancer cell lines using TRIzol reagent (Invitrogen, 15596018) according to the manufacturer’s protocol. Equal amounts of RNA were reverse transcribed into cDNA using the All-in-One First-Strand cDNA Synthesis kit. The mRNA expression in cells was measured by qRT-PCR using an ABI Step OnePlus instrument (Foster City, CA, United States). Primers for qRT-PCR were listed as follows, pkm2, forward 5′-CTGTGGACTTGCCTGCTGTG-3′, reverse 5′- TGCCTTGCGGATGAATGACG-3′; cox-2, forward 5′-GCAATAACGTGAAGGGCTGT-3′, reverse 5′-CGGGAAGA ACTTGCATTGAT-3′.



Immunoprecipitation (IP) and Immunoblotting

Proteins from cells were incubated with antibody and precipitated with protein A/G-agarose beads. The immunoprecipitated proteins were subjected to SDS-PAGE. The immunoblotting assay was performed using the following antibodies: anti-N-cadherin (66219-1-Ig; Proteintech, Wuhan, China), anti-E-cadherin (60335-1-Ig; Proteintech), anti-MMP9 (10375-2-AP; Proteintech), anti-MMP2 (66366-1-Ig; Proteintech), anti-vimentin (60330-1-Ig; Protein tech), anti-PKM2 (A0540; ABclonal, Wuhan, China), anti-COX-2 (12282; CST, MA, United States), anti-ERK1/2 (sc-292838; Santa Cruz, CA, United States), anti-p-ERK1/2 (AP0472; ABclonal), anti-β-actin (RM2001; Ray, Beijing, China), and anti-α-tubulin (RM2007; Ray).



Immunofluorescence Microscopy

Immunofluorescence was performed as described in the study. PKM2 and ERK1/2 were performed as described previously (20). The samples were photographed and analyzed by Zeiss LSM880 microscopy (Zeiss, Oberkochen, Germany).



Transwell Migration and Invasion Assays

Cells (5 × 104) with 1% FBS medium were seeded in the upper chamber of each Transwell (3422; Corning). Transwell migration and invasion assays were performed as described previously (20).



Chromatin Immunoprecipitation Assay

ChIP was carried out using a kit following the manufacturer’s protocol (17–295; Millipore, MA, United States). Antibodies for ChIP were normal rabbit IgG (2729; CST) and anti-c-Jun (9165; CST). The precipitated chromatin DNA was analyzed by real-time PCR with SYBR green on an ABI Step OnePlus instrument with gene-specific primer sets. COX-2: 5′-GTGGGAGAGATTTAATGGTC-3′ and reverse 5′-GTTACCAGATGTGTTCACCAC-3′.



Gelatin Zymography Assay

Gelatin zymography assay was measured as described previously (20). The analysis system assessed the read strip area, width, and gray value for statistical analysis.



In vivo Metastasis Assays

All mouse experiments were conducted in compliance with the ARRIVE guidelines and associated recommendations (21, 22) and approved by the Institutional Animal Care and Use Committee of Southern Medical University, China. Six-week-old male BCLB/C nude mice were purchased from the Laboratory Animal Center of Southern Medical University. The total number of mice (18) was randomly divided into two sets of 6 each. The stable cells of GFP-tagged PC3 (1 × 106 cells) in a volume of 100 μl were injected into the tail vein of each mouse. After 7 days, the mice were treated with celecoxib (50 mg/kg) or equal volume of vehicle once every 4 days by oral gavage for 21 days. The mice were anesthetized with 2.5% isoflurane, and the in vivo fluorescence distribution was measured with a mouse in vivo imager.



Hematoxylin Eosin and Immunohistochemistry Stains

Hematoxylin eosin (H&E) and immunohistochemistry (IHC) were performed as described previously (23).



ELISA

The level of PGE2 in supernatants or serum of the mice was measured by ELISA technique (KGE004B; R&D Systems, MN, United States), following the manufacturer’s instructions.



Database Information

Data can be found at www.oncomine.org and TCGA database1.



Statistical Analysis

Data in the text are expressed as mean ± standard deviation (SD) of at least three independent replicates. Data were analyzed with Student’s t-test, one-way ANOVA or two-way ANOVA (as appropriate) followed by LSD post hoc analyses using SPSS 20.0 software (IBM Corporation, Armonk, NY, United States). The value of p < 0.05 was considered statistically significant.



RESULTS


Clinical Correlation of PKM2 Expression in Metastatic Prostate Cancer and Prognosis

Mount evidence has demonstrated that PKM2 plays a critical role in tumorigenesis (10, 24, 25). To explore the correlation of PKM2 expression with the clinical outcome of prostate cancer patients, immunohistochemical analysis showed that the level of PKM2 expression was elevated in prostate cancer tissues compared with normal tissues (Figure 1A), which is in line with mRNA analysis of PKM2 from the ONCOMINE microarray gene expression dataset2 and clinical sample (Figure 1B). Interestingly, PKM2 mRNA level is enriched in tumor metastases (n = 35) compared with that in the primary site (n = 59) (Figure 1C). Further analysis showed that PKM2 expression in the tumors is correlated with increased Gleason scores (Figure 1D). In addition, the Kaplan–Meier survival analysis showed that overall survival for patients with high PKM2 expression was significantly shorter than those with low PKM2 expression (Figure 1E). These results suggested that PKM2 might be involved in tumor metastasis and predicted poor prognosis in prostate cancer.
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FIGURE 1. Pyruvate kinase M2 (PKM2) is overexpressed in malignant prostate tissue and predicts the poor prognosis of prostate cancer. (A) Expression patterns of PKM2 immunoreactivity in human prostate cancer and adjacent normal tissue; representative image of histopathologic sections of human prostate cancer and adjacent normal tissue are shown (×100); amplified images are also shown (×400). pkm2 gene expression in prostate cancer from the ONCOMINE database. (B) Malignant cancer tissues (n = 69) have a higher expression level compared with the normal tissue (n = 20). (C) Grouped by cancer sample site, pkm2 gene expression was significantly higher in metastasis (n = 35) than primary site (n = 59) (ONCOMINE database). (D) mRNA level of pkm2 was related to higher Gleason scores of advanced prostate cancer. (E) Kaplan–Meier curves demonstrate that high PKM2 expression (black, n = 16) in the ONCOMINE database correlates with decreased survival in prostate cancer compared with PKM2 low (red, n = 12) group.




PKM2 Promotes Migration, Invasion, and EMT in Prostate Cancer Cells

To evaluate the specific effect of PKM2 on migration and invasion as well as EMT in prostate cancer cells, DU145 or PC-3 was transiently transfected with pcDNA3.1-HA (HA) and HA-tagged PKM2 plasmid (HA-PKM2) to determine the migration and invasion using Transwell assay. As shown in Figure 2A, overexpression of PKM2 significantly increased cell migration and invasion compared with the control group in DU145 or PC-3 cells, respectively. In contrast, PKM2 depletion with small interfering RNA (siRNA–PKM2) substantially decreased cell migration and invasion in prostate cancer cells (Figure 2B). Meanwhile, overexpression and knockdown of PKM2 were confirmed at mRNA and protein levels by qRT-PCR or Western blotting (Supplementary Figure 1). We then analyzed the correlation of PKM2 with metastasis gene in clinical prostate cancer, as shown in Supplementary Figures 2A–C. PKM2 is correlated with the expression of metastasis-related gene in prostate cancer. Moreover, PKM2 silencing led to significant downregulation of N-cadherin, vimentin, and MMP2/MMP9, and upregulation of E-cadherin in PC3 cells (Figure 2C). Conversely, the opposite effect on these protein markers were observed in PC3 with PKM2 overexpression compared with control lentivirus (Figure 2D). In addition, the MMP activity was greatly increased after ectopic expression of PKM2 in PC3 cells (Figure 2E). These data indicated that PKM2 contributed to MMP activity and EMT in prostate cancer cells.
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FIGURE 2. PKM2 promotes EMT, invasion, and migration in prostate cancer cells. DU145 and PC-3 cells were transfected with (A) HA-pcDNA3.1 (HA) control or HA-PKM2 plasmid and (B) scrambled negative control siRNA (siCTL), specific si-PKM2. After transfection for 48h, cell migration and invasion were assessed by Transwell assays. PC-3 was transduced with (C) PKM2 lentivirus (LvshPKM2 or OE-PKM2), or (D) control lentivirus (MOCK or CTL) and expression of epithelial–mesenchymal transition (EMT) markers E-cadherin, N-cadherin, vimentin, matrix metalloproteinase protein (MMP)-9, and MMP-2 were detected by Western blot. (E) Gelatin zymography was used to detect the expression of MMP-2 and MMP-9 in PKM2-overexpressed stable cells lines. Data were representative of three independent experiments and presented as mean ± SD. Values of p were calculated using paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001.




PKM2 Contributes to EMT, Invasion, and Migration in a COX-2-Dependent Manner

Cyclooxygenase 2 (COX-2) was the enzyme implicated in inflammation and a variety of malignancies, especially in invasion and metastasis (26–28). We also analyzed the correlation of PKM2 with COX-2 mRNA expression in different cancers from the TCGA database1. The correlation of PKM2 with COX-2 mRNA expression was observed in breast cancer, lung cancer, and colon cancer and is shown in Figure 3A (Supplementary Figure 2D). Moreover, overexpression of PKM2 expression in DU145 and PC-3 cells led to a significant upregulation of COX-2 expression in mRNA (Figure 3B). In contrast, PKM2 depletion substantially decreased the expression of COX-2 mRNA and protein level (Figure 3C). Similar results were obtained in the LNCaP cells (Supplementary Figure 3).
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FIGURE 3. Cyclooxygenase-2 (COX-2) is required for PKM2-induced EMT, invasion, and migration in prostate cancer cells. (A) Linear regression and Pearson correlation of mRNA levels between pkm2 and cox-2 in the TCGA database (https://cancergenome.nih.gov/abouttcga/overview). Positive correlation between expression of PKM2 and COX-2 was observed. DU145 and PC-3 cells were transfected with HA and HA-PKM2 plasmid (B) or with LvshRNA of PKM2 (C) as indicated. After 48 h of transfection, total RNA was extracted and performed to detect COX-2 by real-time PCR, and total protein was collected to detect related COX-2 protein by Western blotting. Data were representative of three independent experiments. Values of p were calculated using paired t-test and presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. (D) DU145 and PC-3 were infected with lentivirus control (Control) or lentivirus OE-PKM2. After 24-h infection, the lentivirus OE-PKM2 group was transiently transfected with siRNA of the control or siRNA of COX-2 (siCOX-2). After another 24-h transfection, cell migration and invasion were assessed by Transwell assays. (E) Protein levels of EMT markers E-cadherin, N-cadherin, and vimentin were assayed by Western blotting from PC3 cells infected with lentivirus control (Control) or lentivirus OE-PKM2 with or without transfection of siRNA–COX-2 (siCOX-2). (F) Protein levels of EMT markers E-cadherin, N-cadherin, and vimentin were assayed by Western blotting from PC3 cells infected with lentivirus control (Control) or lentivirus OE-PKM2 with or without treatment of COX2 inhibitor (celecoxib). (G) The conditioned medium was concentrated and analyzed by gelatinase zymography from PC3 cells infected with lentivirus control (Control) or lentivirus OE-PKM2 with or without transfection of siRNA–COX-2 (siCOX-2). (H) The conditioned medium was concentrated and analyzed by gelatinase zymography from PC3 cells infected with lentivirus control (Control) or lentivirus OE-PKM2 with or without treatment of COX-2 inhibitor (celecoxib). (I) stable MOCK or shPKM2 (lvshPKM2) PC-3 cells were treated with or without PGE2 (25 nM) for 12 h. Cell migration and invasion assay were determined by Transwell assay. Data represent the mean ± SD of three independent experiments and were analyzed by one-way ANOVA with multiple comparisons, followed by Dunnett’s post hoc test for significance versus control. *p < 0.05, **p < 0.01, ***p < 0.001.


To further explore whether PKM2-mediated EMT and invasion of prostate cancer cells in a COX-2-dependent manner, Transwell assay and Western blotting were employed to confirm the hypothesis. As shown in Figure 3D, COX-2 silencing in DU145 and PC3 cells could reverse the effect of PKM2 in tumor invasion/migration. In line with this, knockdown of COX2 expression in DU145 and PC-3 cells overcame the inhibition of E-cadherin induced by PKM2, while enhancement of N-cadherin, MMP9/2, and vimentin was caused by PKM2 overexpression (Figure 3E). Similar results were obtained in cells with PKM2 overexpression and celecoxib, a potent and highly selective COX-2 inhibitor (29) (Figure 3F and Supplementary Figure 4). In addition, si-COX-2 or celecoxib also remarkably antagonized the gelatinase activity of MMPs induced by overexpression of PKM2 in PC3 cells (Figures 3G,H). Given that prostaglandin E2 (PGE2) is generated from arachidonic acid by the enzyme COX-2, we explored whether exogenous PGE2 antagonizes the inhibitory effect of PKM2 knockdown in PC-3 cells. As shown in Figure 3I, PGE2 treatment restored the attenuated migration and invasion in PKM2 knockdown cells. These results indicated that COX-2 was crucial in mediating the effects of PKM2 on EMT, migration, and invasion in prostate cancer cells.



PKM2 Regulated COX-2 Expression by Activation of c-Jun

It has been shown that ERK1/2 is involved in regulating COX-2 expression in various tumor cells (30, 31). To further explore whether ERK1/2 was involved in PKM2-mediated COX-2 expression, as shown in Figures 4A,B, overexpression of PKM2 in DU145 and PC-3 cells led to phosphorylation of ERK1/2, while depletion of PKM2 expression inhibited phosphorylation of ERK1/2. Similar results were obtained in LNCaP cells (Supplementary Figures 5A,B).
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FIGURE 4. PKM2 enhances COX-2 expression and invasion/migration via extracellular-regulated protein kinase (ERK)1/2 signaling in prostate cancer cells. DU145 and PC-3 cells were transfected with HA-tagged PKM2 or lentivirus PKM2. (A,B) Immunoblotting of DU145 and PC-3 cell lysates for phosphorylation levels of ERK1/2. Data were representative of three independent experiments. DU145 and PC-3 cells were transfected with HA or HA-tagged PKM2 followed by stimulation of ERK1/2 inhibitor U0126 (1.5 μM) (D,E) and PD98059 (50 μM) (C,F), respectively. (C,D) Protein and mRNA levels of COX-2 were measured by Western blotting as well as q-RT-PCR. (E,F) Cell invasion and migration were assessed by Transwell assays. Values of p were calculated using paired t-test and presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.


To determine whether the upregulation of COX-2 was due to PKM2-mediated activation of ERK1/2 signaling, DU145 and PC-3 cells were transfected with PKM2 plasmid and then treated with the MEK inhibitor PD98059 or U0126. As shown in Figures 4C,D, the expression of COX-2 mRNA and protein level was markedly blocked by PD98059 or U0126 in PC3 and DU145 cells triggered by overexpression of PKM2. Similarly, the Transwell assay also showed that enhanced cell migration and invasion induced by PKM2 overexpression were also significantly reduced by PD98059 or U0126 in PC3 and DU145 cells (Figures 4E,F). Collectively, these data indicated that PKM2 regulated prostate cancer cell migration and invasion through the ERK1/2-COX-2 signaling axis.



PKM2 Interacts With ERK1/2 and Is Required for Binding of c-Jun to the Promoter of cox-2 Gene

Given that PKM2 upregulated the expression of COX-2 through ERK1/2 signaling, we evaluated the possible interaction of PKM2 with ERK1/2 in prostate cancer cells. Immunofluorescence assay showed that endogenous PKM2 is colocalized with ERK1/2 in both nucleus and cytoplasm of PC-3 or DU145 cells (Figure 5A). Also, co-immunoprecipitation demonstrated that endogenous PKM2 interacted with ERK1/2 in PC-3 cells (Figure 5B). Moreover, we transfected different PKM2 mutant plasmids and detected the phosphorylation of ERK1/2. As shown in Supplementary Figure 6A, full length (FL) and the N terminal of PKM2 (NABD) increased the phosphorylation of ERK1/2. In line with this effect, the full length and NABD mutant interacted with ERK1/2 (Supplementary Figure 6B).
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FIGURE 5. PKM2 interacts with ERK1/2 and promotes the binding of c-Jun to the promoter of COX-2 gene. (A) Colocalization of PKM2 and ERK1/2 by immunofluorescence in DU145 and PC-3 cells. (B) PC-3 cells were grown to 70–80% confluence; whole cell lysates were immunoprecipitated (IP) with antibodies against endogenous PKM2 or ERK1/2 detected by immunoblotting. (C) Immunoblotting assay of ERK1/2, p-ERK1/2, c-Jun, p-c-Jun, c-Fos, p-c-Fos in the Control (CTL), or PKM2-overexpressing PC-3 cells. (D) A putative consensus sequence GGAATGATG of c-Jun binding in the promoter of COX-2 by the JASPAR database. (E) c-Jun binding to the promoter of COX-2 was analyzed by CHIP assay in DU145 and PC-3 cells infected with lentivirus control or overexpressed PKM2.


We further determined whether PKM2 promotes phosphorylation of c-Jun or c-Fos downstream of ERK1/2, which heterodimerize to form the AP1 transcriptional factor for binding to the promoter of target genes (32). As shown in Figure 5C, overexpression of PKM2 increased the phosphorylation of c-Jun at ser63 and ser73, but not the phosphorylation of c-Fos at ser32 compared with the control in PC-3 cells. To further investigate whether phosphorylation of c-Jun induced by PKM2 promotes the binding of c-Jun to the promoter of cox-2 gene, a putative consensus sequence GGAATGATG of c-Jun-binding element (SBE) in the promoter of cox-2 gene was speculated by the JASPAR database (Figure 5D). CHIP assay demonstrated that the binding of c-Jun to the promoter of cox-2 gene was markedly increased by overexpression of PKM2 in PC-3 and DU145 cells (Figure 5E). These data indicated that PKM2 regulated the expression of COX-2 via ERK1/2 signaling, leading to the phosphorylation of c-Jun and its binding to the promoter of cox-2 gene.



Inhibition of COX-2 Attenuated PKM2-Mediated Metastasis in vivo

To determine whether PKM2-mediated expression and activity of COX-2 play a critical role in tumor metastasis in vivo, we ectopically expressed GFP and PKM2 (OE-PKM2) using lentiviruses in PC3 cells and then established stable expression clones (n = 6 per group). Control or OE-PKM2 of PC-3/GFP-expressing cells were injected into the tail vein of male athymic nude mice, followed by treatment with celecoxib (12.5 mg/kg/day) or vehicle for 21 days. The result showed that there were no significant differences in the body weight among the three groups (Supplementary Figure 7). In vivo live image analysis showed that overexpression of PKM2 increased the fluorescence of GFP signal manifested by representative fluorescence images, whereas celecoxib treatment antagonized the enhanced effect of PKM2 on the lung metastatic lesion of PC3 cells in mice (Figure 6A). Moreover, H&E staining and quantitative analysis of the metastatic nodules in lungs showed that celecoxib treatment significantly reduced the number of metastatic nodules in the lungs of prostate cancer patients induced by of PKM2 overexpression (Figures 6B,C), while N-cadherin, vimentin, and MMP9 were also markedly inhibited in response to celecoxib treatment (Figures 6D,E). In addition, celecoxib significantly antagonized the level of COX-2 and its product PGE2 in the serum of mice injected with PKM2-overexpressed PC3 cells (Figure 6F). Taken together, these data demonstrated that PKM2 promoted tumor metastasis through upregulation of COX-2 and MMP2 to promote prostate cancer metastasis in vivo.
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FIGURE 6. Overexpression of PKM2 accelerates tumor metastasis, COX-2 expression, and EMT in vivo. (A) Representative mouse from each treatment group demonstrating fluorescence signal at day 21 after tumor cell inoculation. Treated with celecoxib, mice showed less fluorescence of GFP in the lungs than in OE-PKM2 mice. (B) HE staining of the lungs of mouse models was performed. (C) Metastatic nodules in the lungs were counted under microscope and quantitatively analyzed. (D) IHC staining detected COX-2, MMP9, and N-cadherin expression in various groups of lung metastatic nodules in a mouse inoculated with PKM2-transduced PC-3 cell. Right: the bar graph shows the relative ratio of staining intensity of COX-2, MMP9, and N-cadherin diaminobenzidine (DAB) in each group. (E) EMT marker, MMP9, and Flag tag protein were detected by Western blotting in lung tissue. (F) Measurements of the levels of PGE2 in the serum of each group. (G) Schematic illustration for PKM2 promotes prostate cancer metastasis through regulating ERK1/2-COX-2 signaling. In prostate cancer, elevated expression of PKM2 interacts with ERK1/2 and contributes to the phosphorylation of ERK1/2, leading to the phosphorylation of subsequent downstream c-Jun and binding to the promoter of cox-2 gene. Upregulation of PGE2 by COX-2 promotes EMT, invasion, and migration of tumor cells. Data represent the mean ± SEM of three independent experiments and were analyzed by one-way ANOVA with multiple comparisons, followed by Dunnett’s post hoc test for significance versus control and presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.




DISCUSSION

Most cancer cells with high levels of PKM2 expression promoted aerobic glycolysis, resulting in selective advantage over cancers with low levels of PKM2 (33–35). However, the mechanism through which PKM2 contributes to EMT and tumor metastasis remains largely unknown. Here, as shown in Figure 6G, for the first time, we reported that a novel PKM2–COX-2 axis promoted EMT and metastasis of prostate cancer in vitro and in vivo. PKM2 interacted with ERK1/2, leading to phosphorylation of c-Jun (ser63) and binding to the promoter of the cox-2 gene, thereby resulting in significant tumor migration and invasion. Importantly, inhibition of COX-2 greatly reduced tumor metastasis caused by PKM2 in vivo. In summary, our data suggested that targeting the PKM2 signaling would be a potential therapy in metastatic prostate cancer.

The tetrameric form of PKM2 catalyzed the conversion of phosphoenolpyruvate (PEP) to pyruvate by transferring a phosphate from PEP to ADP (36), whereas the dimeric form is nearly inactive. Meanwhile, dimeric PKM2 can undergo translocation to the nucleus and functions as a protein kinase and transcriptional coactivator, and promotes proliferation and tumorigenesis (37). Until this date, PKM2 has been reported to be phosphorylated at the Ser37 by ERK, leading to nuclear localization, in response to the Warburg effect and tumorigenesis (38). Interestingly, we further showed that PKM2 suppression significantly reduced phosphorylation of ERK1/2 level, whereas PKM2 overexpression increased phosphorylation of ERK1/2, indicating the positive regulation loop between PKM2 and ERK1/2 in prostate cancer. Further work is required to address this. What is more, further analysis showed that only NABD, not the ABD and CD domains of PKM2, interacts with ERK1/2, implying the critical role of the NABD domain of PKM2 in tumor metastasis. Nevertheless, in our next work, we would demonstrate the effect of the complex on either PKM2 or ERK1/2 modification, including phosphorylation, methylation, and acetylation.

Epithelial–mesenchymal transition is an essential event during cancer metastasis. Although overexpression of PKM2 has been associated with increased EMT and tumor migration/invasion (39, 40), the exact role of PKM2 in prostate cancer metastasis and the mechanism by which it exerts its prometastatic function in prostate cancer cells is yet to be determined. Our study showed that knockdown PKM2 leads to inhibition of motility in PC-3 cells and the EMT marker. Thus, it is reasonable to deduce that PKM2 regulates EMT as well as the motility of PC-3. It has been shown that PKM2 interacts with the transcriptional factor TGF-β-induced factor homeobox 2, resulting in increased E-cadherin expression (40). In addition, PKM2 functions as an interacting partner of EGFR in the nucleus of irradiation-resistant cells to regulate the transcription of stemness-related genes and promote the stem-like phenotype, thus promoting invasion and metastasis (41). These studies further support our findings that PKM2 promotes tumor metastasis through non-glycolytic pathways, specifically the PKM2–ERK1/2–COX-2 pathway in prostate cancer cells.

Our data suggested that PKM2 played a significant role in promoting migration potential and invasiveness of prostate cancer cells, in part, through ERK1/2 pathway activation becausePKM2 interacted with ERK1/2 and colocalized with ERK1/2 in prostate cancer cells. c-Jun, a substrate of EKR1/2, forms the AP-1 early response transcription factor and plays a crucial role in the development and progression of cancer (42–45). Previous studies have shown that cancer-relevant genes, including COX-2, are regulated by c-Jun (46). Importantly, in the present study, we identified that PKM2-dependent ERK1/2 phosphorylation was essential for c-Jun-mediated COX-2 expression. The identified PKM2 is potentially required for c-Jun direct binding to the promoter of the cox-2 gene. In addition, previous experiments have shown that EMT is associated with COX-2 (47). Rong et al. (48) demonstrated that PKM2 induced EMT by regulating STAT3. Cheng et al. (49) further reported the elevated expression of PKM2/STAT3/Snail in TGF-β1-induced EMT. In the present study, PKM2 promoted the phosphorylation of ERK1/2 to increase the transcription of COX-2 that leads to EMT and metastasis of prostate cancer. Furthermore, this was abolished upon PKM2 knockdown.

Considering that celecoxib attenuates metastasis, we assess the effect of celecoxib on invasion and migration in PKM2 knockdown cells. Interestingly, the PKM2 expression was not effected in cells treated with celecoxib or CHX (Supplementary Figure 8A). Additional targeting of COX-2 did not attenuate migration and invasion if PKM2 is absent (Supplementary Figure 8B). Thus, we suggested that PKM2–COX-2 is the major axis in the metastasis of prostate cancer.

In summary, we have demonstrated that a novel pathway through which PKM2 induced COX-2 expression is by activation of the ERK1/2–c-Jun axis. PKM2 interacted with ERK1/2 and regulated ERK1/2 activity, leading to the phosphorylation of c-Jun, not c-Fos, initiating transactivation of COX-2, and promoting cell invasion/EMT, while inhibition of COX-2 reversed the promotion of PKM2 on tumor invasion/EMT in vivo and in vitro. However, further studies are required to determine whether additional c-Jun targets are also controlled by the PKM2-mediated mechanism. Nevertheless, the current study provides novel insights into the non-glycolytic role of PKM2 in cancer cells.
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Pancreatic ductal adenocarcinoma (PDAC) is one of the most fatal malignancies with an extremely poor prognosis. Energy metabolism reprogramming, an emerging hallmark of cancer, has been implicated in the tumorigenesis and development of pancreatic cancer. In addition to well-elaborated enhanced glycolysis, investigating the role of reprogramming of amino acid metabolism has sparked great interests in recent years. The rewiring amino acid metabolism orchestrated by genetic alterations contributes to pancreatic cancer malignant characteristics including cell proliferation, invasion, metastasis, angiogenesis and redox balance. In the unique hypoperfused and nutrient-deficient tumor microenvironment (TME), the interactions between cancer cells and stromal components and salvaging processes including autophagy and macropinocytosis play critical roles in fulfilling the metabolic requirements and supporting growth of PDAC. In this review, we elucidate the recent advances in the amino acid metabolism reprogramming in pancreatic cancer and the mechanisms of amino acid metabolism regulating PDAC progression, which will provide opportunities to develop promising therapeutic strategies.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the most common type of pancreatic cancer, is the most lethal malignancy with a 5-year survival rate of <9%. PDAC is the fourth leading cause of cancer-related death in the United States (1). It was estimated that there were 458,918 new cases being diagnosed and 432,242 deaths emerged in patients with pancreatic cancer worldwide in 2018 (2). The low survival rate of PDAC is associated with the lack of early typical symptoms. Most patients only presented anorexia and weight loss at early PDAC stages and are not diagnosed until at advanced stages or with distant metastases, which resulted in the loss of the best operative opportunity. Currently, surgical resection is the only curative manner for PDAC and advanced patients can only receive conservative treatments such as FOLFIRINOX chemotherapy. Correspondingly, numerous therapeutics including chemotherapy, radiotherapy, immunotherapy, and targeted therapy have not shown significant improvement in long-term survival rate of patients with PDAC (3). The high aggressiveness of PDAC is attributed to the ample desmoplastic microenvironment which plays a critical role in tumor growth, invasion, metastasis, angiogenesis, immunosuppression, and chemoresistance. Therefore, a better understanding of the complex biological characteristics of pancreatic cancer is necessary.

Proliferating cancer cells usually exhibit energy metabolism adjustments to support the rapid cell growth and division, which is an emerging hallmark of cancer known as “energy metabolism reprogramming” that is closely related to PDAC malignant biological behaviors (4). Existing studies suggest that aerobic glycolysis and abnormal lipid metabolism play important roles in pancreatic cancer progression (5, 6). In addition to glucose and lipid metabolism reprogramming, aberrant amino acids metabolism also contributes to fuel fast growth and proliferation of cancer cells. There are 20 standard amino acids to be used for synthesizing proteins in adult body with 8 called essential amino acids (EAAs) and the others called non-essential amino acids (NEAAs). Among the NEAAs, several conditionally essential amino acids such as arginine, cysteine, glycine, glutamine, proline, and tyrosine become dietarily required under special pathophysiological conditions such as cancerous diseases (7). For instance, glutamine, the most abundant amino acid in blood, has been well-investigated to participate in multiple biological processes which are required for cancer cell growth and proliferation. Glutamine can replenish the tricarboxylic acid (TCA) cycle as an anaplerotic substrate and is also the indispensable nitrogen donor for the biosynthesis of purines, pyrimidines, NEAAs, nicotinamide adenine dinucleotide (NAD), and glucosamine. In addition to providing carbon and nitrogen for macromolecular synthesis in cancer cells, glutamine also drives the uptake of EAAs and activates the mammalian target of rapamycin (mTOR) to promote tumor growth (8). Notably, glutamine is essential to maintain redox homeostasis and support tumor growth of PDAC cells in an oncogenic KRAS-driven manner (9). In recent years, increasing studies focus on the amino acids metabolism in PDAC development and progression, which can be mediated by metabolic alterations, redox control, and epigenetic regulation (10–12). More importantly, based on the above energy metabolism reprogramming, pharmacologic and dietary interventions targeting deregulated cancer metabolism has been considered for clinical therapies (13). In this review, we formulate the amino acid metabolism reprogramming in pancreatic cancer and the mechanisms of amino acid metabolism regulating PDAC progression. Finally, we discuss the therapeutic strategies of targeting PDAC amino acid metabolism.



REGULATION OF THE REPROGRAMMED AMINO ACID METABOLISM IN PDAC

It has been well-demonstrated that both genetic alterations and unique microenvironment determine the development of pancreatic cancer (14, 15). Whole genome sequencing studies have confirmed the genomic alterations in the progression of early pancreatic intraepithelial neoplasia (PanIN) lesions to metastatic PDAC. KRAS mutation is an initiating and driver gene during pancreatic cancer development and is found to mutate the most frequently in over 90% PDAC cases. Moreover, subsequent inactivation of the tumor suppressor genes CDKN2A, TP53, and SMAD4 are also frequently observed during PDAC progression (16, 17). Increasing evidence has demonstrated that pancreatic tumor microenvironment (TME) plays an essential role in PDAC progression and therapeutic resistance. Given the emerging role of the cellular metabolism reprogramming in tumorigenesis and progression, it is logical to conclude that genetic alterations and TME related to PDAC development also participate in the metabolic rewiring process. Therefore, investigating the effects of genetic alterations and interplay between cancer cells and microenvironmental components on amino acid metabolism reprogramming helps to better understand PDAC biological characteristics.


Genetic Alterations


KRAS

In humans, three RAS genes including HRAS, NRAS, and KRAS encode four highly homologous ~21 kDa small GTPases: HRAS, NRAS, KRAS4A, and KRAS4B. Activated RAS proteins contribute to many of malignant hallmarks of tumor including promotion of proliferation, suppression of apoptosis, metabolism reprogramming, remodeling the microenvironment, evasion of the immune response, and acquisition of metastatic properties (18). Among the different RAS isoforms, KRAS mutation is found in over 90% PDAC. Proliferating cancer cells require increased uptake of glutamine for their excessive need, making it conditionally essential for the growth of many types of cancer. Glutamine-derived glutamate supports the viability and proliferation of cancer cells by replenishing tricarboxylic acid (TCA) cycle intermediate α-ketoglutarate (α-KG) that is mediated by either glutamate dehydrogenase (GLUD) or aminotransferases alanine aminotransferase (also known as glutamate-pyruvate transaminase, GPT) and aspartate aminotransferase (also known as glutamate-oxaloacetate transaminase, GOT) (8). Son et al. identified a non-canonical glutamine metabolism pathway in a KRAS-driven GOT1-malate dehydrogenase 1 (MDH1)-malic enzyme 1 (ME1)-mediated manner in PDAC, which is critical to maintain redox homeostasis. Notably, the expression of GOT1 increased and GLUD1 decreased in an inducible oncogenic KRAS PDAC mouse model, further supporting the notion that KRAS plays a key role in shifting glutamine metabolic pathways in PDAC (9). A recent study suggests that methylation on arginine 248 inhibits MDH1 catalytic activity and dimerization by coactivator-associated arginine methyltransferase 1 (CARM1), and KRAS suppresses CARM1-mediated MDH1 methylation, contributing to glutamine metabolism in pancreatic cancer (19). Additionally, oncogenic KRAS-induced NRF2 could upregulate glutaminolysis through increasing the expression of major glutamine metabolism intermediates such as GLS1, GOT1, and Na+-independent cystine/glutamate antiporter SLC7A11 (also known as xCT) (20).

The branched-chain amino acids (BCAAs) leucine, isoleucine, and valine are EAAs. BCAAs can be transported by a Na+-independent systemic L amino acid transporter SLC7A5 (also known as LAT1). BCAA catabolism is mediated by the cytosolic branched-chain amino acid transaminase 1 (BCAT1) and mitochondrial branched-chain amino acid transaminase 2 (BCAT2) which transfer the amino groups from BCAAs to α-KG to produce branched-chain α-keto acids (BCKAs) and glutamate. BCAA breakdown can not only provide carbon for synthesis of metabolites to fuel TCA cycle which can contribute to energy production but also supply nitrogen for de novo nucleotide and non-essential amino acid biosynthesis in cancer (21). It has been shown that plasma BCAAs levels are elevated in early-stage pancreatic cancers driven by mutant KRAS (22). A recent study demonstrated that BCAT2, but not BCAT1, was overexpressed in PanIN and PDAC ductal cells. The authors also investigated the effect of KRAS mutation on the expression of BCAT2 and found that KRAS stabilizes BCAT2 by inhibiting spleen tyrosine kinase (SYK) induced tyrosine 228 phosphorylation and subsequent tripartite-motif-containing protein 21 (TRIM21) E3 ligase-mediated BCAT2 degradation. Thus, the study highlights that BCAA-BCAT2 axis driven by KRAS is critical for development of PDAC (23) (Figure 1).
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FIGURE 1. Genetic alterations regulate amino acid metabolism reprogramming in PDAC. The expression of amino acid metabolism intermediates including rate-limiting enzymes and transporters is associated with distinct genetic alterations such as KRAS, MYC, p53 as well as other genetic mutations and signaling regulators. Moreover, both wild-type p53 and mutant p53 contribute to the cellular adaptions to amino acids deprivation. Red upward arrowheads next to the amino acids metabolism enzymes and transporters represent upregulating expression in pancreatic cancer tissues (The expression of GLUD is atypical and AA0 means neutral amino acids).




MYC

The MYC oncogene, which is frequently deregulated among multiple human malignancies, encodes the oncogenic transcription factor c-Myc to drive tumorigenesis associated with cellular proliferation, DNA replication and transcription, protein synthesis and altered tumor cell metabolism (24, 25). C-Myc is overexpressed in many PDAC cases and exerts as a master regulator of essential cellular processes (26). Recently, emerging studies have provided evidence on effects of c-Myc regulating amino acids especially glutamine metabolism in PDAC. c-Myc has been shown to increase levels of Na+-dependent glutamine transporter SLC1A5 (also known as ASCT2) by binding to its promoter region, leading to elevated uptake of glutamine (27). Moreover, c-Myc also regulates glutamine catabolism through increasing mitochondrial glutaminase (GLS) expression which converts glutamine to glutamate. The mechanism of c-Myc enhancing GLS is through c-Myc-mediated suppression of microRNAs miR-23a and miR-23b (28). In addition to modulating glutamine metabolism directly, other signaling pathways are capable of regulating c-Myc activity. The mammalian target of rapamycin complex 1 (mTORC1)/S6K1 pathway has been indicated to positively regulate GLS and glutamine flux through the eIF4B-dependent regulation of c-Myc (29). Furthermore, Deng et al. recently reported a novel long non-coding RNA (lncRNA)-mediated reciprocal feedback loop of Myc and GLS in pancreatic cancer. They suggested that an antisense lncRNA of glutaminase (GLS-AS) could be transcriptionally inhibited by Myc, leading to GLS upregulation during the deprivation of glucose and glutamine. In turn, GLS-AS decreased Myc expression via impairment of the GLS-mediated stabilization of Myc (30). Recently, the other lncRNA XLOC_006390 was demonstrated to increase GLUD1 expression by binding to and stabilizing c-Myc, enhancing α-KG production to replenish TCA cycle and promote PDAC progression (31).

Proline, the other NEAA, has also been indicated to play important roles in metabolism reprogramming of cancer. Phang's group has emphasized the metabolic link between glutamine and proline controlled by c-MYC in human cancers. Glutamate can be converted to proline through Δ1-pyrroline-5-carboxylate (P5C) catalyzed by P5C synthase (P5CS) and subsequent P5C reductase (PYCR). Conversely, proline catabolism mediates the conversion of proline to glutamine through proline oxidase (POX) also known as proline dehydrogenase (PRODH) and Δ1-pyrroline-5-carboxylate dehydrogenase (P5CDH) sequentially. It was shown that c-MYC could not only inhibit POX/PRODH expression primarily through increasing miR-23b* but also evidently increase the biosynthesis of proline from glutamine, maintaining cancer cell survival and proliferation (32) (Figure 1).



p53

The transcription factor p53 exerts its tumor suppression functions by both inducing genes involved in cell cycle arrest, DNA repair, or apoptosis and regulating other cellular processes such as cell metabolism (33). The role of p53 in glucose metabolism has been well-indicated (34). Moreover, p53 could increase the GLS2 expression to facilitate glutamine metabolism and regulate antioxidant defense function by increasing intracellular reduced glutathione (GSH) levels and decreasing reactive oxygen species (ROS) levels, which protects cells from oxidative stress (35, 36).

However, since poor vascularization in the PDAC microenvironment and increased glutamine catabolism as tumors grow rapidly, tumor cells are frequently exposed to a low glutamine microenvironment. The tumor suppressor wild-type p53 can not only inhibit proliferation but also help cells survive and repair DNA damage (37). Emerging evidence has shown that p53 exerts a critical role in the aberrant metabolism in cancer and can contribute to the cellular adaptions to metabolic stress. Kong's group has reported that cancer cells are able to survive under glutamine deprivation conditions through the activation of p53 and related signaling pathway. The researchers identified that both the protein phosphatase 2A (PP2A) B subunit B55α-E3 ubiquitin ligase identified by differential display (EDD)-p53 pathway and I-kappa-B-kinase β (IKKβ)-p53 signaling axis are essential for cancer cell survival and tumor growth in response to glutamine deprivation (38, 39). Recently, the role of p53 upregulating amino acid transporters in response to glutamine removal has been proven. Kong et al. demonstrated that SLC7A3, an arginine transporter, is induced in a p53-dependent manner following glutamine deprivation, leading to increased intracellular arginine levels. The influx of arginine further contributes to mTORC1 activation and promotes cell proliferation and tumor growth (40). Tajan et al. discovered that p53 enhances the expression of SLC1A3, an Na+/K+/H+-dependent aspartate/glutamate transporter that allows the aspartate metabolism to sustain cancer cell survival and tumor growth under glutamine starvation (41). Additionally, p53 protein is mutated in over 50% of PDAC, and tumor-associated mutant p53 (mutp53) protein has been well-known to drive aggressive cancer growth, invasion, metastasis, and chemotherapy resistance (42). In addition to wild type p53, the role of mutp53 protecting cancer cells from metabolic stress has also been well-established. Kong's group also demonstrated that cancer cells expressing mutp53 proteins are more resistant to low glutamine conditions than cells with wild type p53. Specifically, mutp53 hyper-induces p53 target gene CDKN1A (p21) expression to trigger G1/S cell cycle arrest to promote cell survival from glutamine withdrawal (43). Interestingly, p53 also contributes to cell survival under other amino acid depletion conditions. Maddocks et al. established that p53-induced p21 activation results in cell cycle arrest and enhanced GSH flux, allowing cancer cells to combat oxidative stress and promoting cell survival and proliferation in response to serine depletion (44) (Figure 1).



Other Genetic Alterations

SIRT4, a mitochondria-localized sirtuin, has been well-known to inhibit glutamine metabolism and insulin secretion from the pancreatic β cells by inhibiting GLUD (45). Csibi et al. found that mTORC1 represses SIRT4 expression by promoting the proteasome-mediated degradation of cAMP-responsive element binding 2 (CREB2), resulting in promoting glutamine anaplerosis by activating GLUD (46). Moreover, Haigis and colleagues reported that SIRT4 functions as a tumor suppressor to regulate the cellular metabolic response to DNA damage by suppressing mitochondrial glutamine metabolism (47). Indeed, a variety of human cancers including lung, bladder, gastric, and breast cancers as well as leukemia have decreased SIRT4 expression and lower SIRT4 level was associated with poorer prognosis (46, 47). Recently, SIRT4 has been demonstrated to inhibit PDAC cell proliferation and serves as a negative regulator of aerobic glycolysis in pancreatic cancer (48). Hence, whether SIRT4 exhibits tumor suppressive functions to negatively regulate glutamine metabolism by inhibiting GLUD in pancreatic cancer requires more research. Tumor suppressor gene SMAD4 is homozygously deleted in nearly one-third of PDAC and deletion of SMAD4 can be associated with the loss of its neighboring housekeeping gene malic enzyme 2 (ME2). Dey et al. reveal that genomic deletion of ME2 confers collateral lethality in pancreatic cancer via regulation of BCAA metabolism. In ME2-null PDAC cells, ME3 depletion leads to ROS accumulation and activation of the AMP-activated protein kinase (AMPK), which suppresses sterol regulatory element-binding protein 1 (SREBP1)-directed transcription of BCAT2, thereby resulting in a decrease in de novo nucleotide biosynthesis (49). In addition, Mayers et al. demonstrated that the same genetic event can result in distinct BCAA metabolism by establishing the mouse models of PDAC and non-small cell lung carcinoma (NSCLC) both driven by KRAS mutation and Trp53 deletion. In contrast to mice with early PDAC, mice with early NSCLC exhibited decreased plasma BCAAs levels. NSCLC tumors actively took up and catabolized BCAAs to provide nitrogen for non-essential amino acids and nucleotide synthesis, whereas expression of BCAA catabolism pathway enzymes was decreased in PDAC tumors (50). Collectively, above studies indicate that both genetic mutation and tissue-of-origin can influence BCAA metabolism in PDAC.

Moreover, existing studies revealed that same amino acid metabolism enzyme with distinct signaling regulators displays diverse effects in cancer cells. Phang's group conducting a series of experiments proves that proline metabolized by POX to generate ROS critically contributes to inducing apoptosis as well as autophagy. In colon cancer cells, both peroxisome proliferator-activated receptor gamma (PPARγ) activation and p53 induction upregulate expression of POX, leading to the ROS formation and cell apoptosis (51). Furthermore, deprivation of both oxygen and glucose can induce the AMPK activation and subsequent POX upregulation, which results in ROS and ATP production under hypoxic and low-glucose conditions, respectively. Both POX-induced ROS and ATP eventually promote colon cancer cell survival through ROS-induced protective autophagy and direct energy supply (52). Collectively, above studies indicate that distinct effects of proline metabolism by POX depend on the existing metabolic conditions as well as upstream signaling pathway and the effect of POX mediating proline metabolism in PDAC deserves further exploration (Figure 1).




Tumor Microenvironment (TME)

The pancreatic TME consists of cancer cells, stromal cells, and extracellular components. Pancreatic cancer is characterized by dense desmoplasia, resulting in a considerable nutrient-limiting and hypoxic environment. Despite the effect of hypoxia in promoting glycolysis has been well-verified (53–55), the effect of hypoxia and hypoxia-induced factor (HIF) on glutamine metabolism is still unknown in PDAC. A recent study has indicated that PI3K/mTORC2 pathway increases GOT1 expression and stimulates non-canonical glutamine metabolism by targeting HIF-2α, promoting the progression of PDAC both in vitro and in vivo (56). Moreover, Yoo et al. recently identified that the SLC1A5 variant is a mitochondrial glutamine transporter which is induced by hypoxia activating HIF-2α. Notably, the SLC1A5 variant acts an oncogenic role in mediating glutamine-induced ATP production, regulating cellular redox homeostasis and conferring gemcitabine resistance to pancreatic cancer cells, therefore promoting PDAC growth (57).

Furthermore, the interactions between cancer cells and stromal components also critically contribute to metabolic reprogramming in PDAC. As the most prominent component in TME, pancreatic stellate cells (PSCs) strikingly influence PDAC metabolism through forming the metabolic crosstalk with cancer cells, thereby promoting tumor cell proliferation and invasion under nutrient-deprived conditions (58, 59). A recent study has demonstrated that PDAC cells stimulate autophagy in PSCs and mediate PSCs secreting alanine. PSCs-derived alanine exerts functions in acting as an alternative carbon source to glucose and glutamine to fuel TCA cycle, support lipid and NEAAs biosynthesis and shunts glucose to serine/glycine biosynthesis, promoting PDAC cells growth in nutrient-limited conditions (11). Cancer-associated fibroblasts (CAFs), which develops mostly from activated PSCs, has been shown to release exosomes to promote proliferation and drug resistance of PDAC (60). Moreover, exosomes derived from CAFs supply metabolites (including TCA cycle metabolites, amino acids, and lipids) in a KRAS independent manner and increase the reductive glutamine metabolism, enhancing PDAC cells proliferation (61). The role of other stromal cell types focusing on glutamine metabolism has also been indicated. Cancer stem cells (CSCs) are characterized with enhanced proliferative capacity, self-renewal ability, metastatic potential, therapy resistance, and generating cellular heterogeneity (62). Recently, it was demonstrated that CD9 identifies CSCs that increase tumor formation capability and recapitulate the cellular heterogeneity of primary PDAC. Mechanistically, CD9 expression enhances glutamine uptake by interacting with and increasing the expression of ASCT2, thereby promoting PDAC growth (63). Peri-tumor adipocytes are correlated with poor outcomes in PDAC (64). The role of adipocytes supplying PDAC cells with glutamine in nutrient-limited PDAC microenvironment has been indicated. Adipocyte-induced PDAC cell proliferation is through a mechanism by which PDAC cells decrease GLS expression in adipocytes and increase glutamine secretion (65). Given that hypoxic and nutrient-limited environment of PDAC is characterized by a tight desmoplasia with a dense collagen meshwork and proline constitutes the predominant components in collagen, a recent study demonstrated that PDAC cells use collagen-derived proline to promote cell survival and proliferation via TCA cycle metabolism under nutrient limited conditions and POX-mediated proline metabolism promotes pancreatic tumor growth (66). Given the critical roles of metabolic crosstalk between cancer cells and stromal components, targeting TME may be a potential therapeutic approach for PDAC treatment (Figure 2).
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FIGURE 2. Tumor microenvironment (TME) and salvaging processes promote amino acid metabolism reprogramming in PDAC. In the hypoxic and nutrient-limiting pancreatic microenvironment, the interactions between cancer cells and stromal components including pancreatic stellate cells (PSCs), cancer-associated fibroblasts (CAFs), cancer stem cells (CSCs), adipocytes and collagen strikingly influence PDAC amino acid metabolism. Autophagy and macropinocytosis also play critical roles in recycling and scavenging nutrients to fuel metabolic requirements (AA0 means neutral amino acids).




Autophagy and Macropinocytosis

Pancreatic cancer cellular metabolism adaption is required for cancer cell survival in a harsh environment where oxygen and nutrients are scarce. Meanwhile, autophagy and macropinocytosis play critical roles for recycling and scavenging nutrients in pancreatic cancer. Autophagy is a regulated catabolic process through lysosomal degradation of intracellular organelles and macromolecules to maintain metabolic and cellular homeostasis. Pancreatic cancer displays elevated autophagy under basal conditions and inhibition of autophagy by genetic or pharmacologic means leads to elevated DNA damage, increased ROS, and decreased mitochondrial oxidative phosphorylation, resulting in significant growth inhibition of PDAC in vitro and in vivo (67). In PDAC cells, increased MiT/TFE proteins nuclear import drives the autophagy-lysosome genes expression and MiT/TFE-dependent autophagy-lysosome activation is required to maintain intracellular amino acid pools and PDAC growth (68). Interestingly, a recent study indicated that suppression of KRAS or its effector ERK MAPK increased autophagic flux in part by impairing KRAS- or ERK-driven glycolytic and mitochondrial functions in PDAC (69). In addition to utilizing autophagy to recycle cellular metabolites, PDAC cells have the potential to take up and internalize extracellular fluid to fuel elevated metabolic demand. Macropinocytosis is a conserved endocytic process that results in non-specific bulk internalization of extracellular macromolecules into the cell through macropinosomes. In KRAS expressing PDAC cells, transporting extracellular protein via macropinocytosis degrades in the lysosome to produce amino acids, which contributes to the central carbon metabolism (70). Recent studies also demonstrated that macropinocytosis contributes to the supply of free amino acid levels within pancreatic tumors in vivo (71, 72).

mTORC1, a well-known growth regulator, is commonly activated in tumors and drives the metabolic reprogramming of cancer cells to support biosynthetic needs for rapid proliferation (73). A recent study revealed that a lysosomal transporter SLC38A9 as an essential part of the Ragulator-RAG GTPases shows high glutamine transport activity to stimulate mTORC1 (74). In pancreatic cancer, SLC38A9 mediates the lysosomal efflux of many EAAs including leucine in an arginine-regulated fashion and promotes mTORC1 activation, supporting cell proliferation, and tumor growth (75). Accumulating evidence has demonstrated that mTORC1 senses diverse environmental conditions including amino acids. When free amino acids are sufficient in the extracellular microenvironment, their uptake through transporters results in activation of mTORC1. mTORC1 activation leads to autophagy inhibition and suppression of degradation of extracellular proteins via macropinocytosis. However, in amino acids depleted conditions, mTORC1 inhibition induces continued tumor growth through autophagy and macropinocytosis (76–78). In addition, Nofal et al. further demonstrated that amino acid scarcity could induce protein scavenging via an mTORC1-independent manner and mTOR inhibition enhances protein-scavenging cell growth in part by limiting translation and restoring amino acid balance in nutrient-deprived conditions (79). Moreover, since both autophagy and macropinocytosis degrade nutrients at the lysosome, blocking lysosomal acidification drugs including chloroquine and its derivative hydroxychloroquine may be effective treatments for PDAC (Figure 2).




AMINO ACID METABOLISM REGULATES PDAC DEVELOPMENT AND PROGRESSION

Emerging evidence has shown that amino acid metabolism plays a vital role in the initiation and progression of pancreatic cancer. Genetic alterations are closely associated with pancreatic cancer tumorigenesis. KRAS mutation, the initiating event involved in PDAC tumorigenesis, is found in low grade PanIN lesions and can induce intraductal papillary mucinous neoplasm (IPMN) formation with inactivation of tumor suppressor genes such as LKB1 and PTEN synergistically (80–82). In addition to KRAS, other genetic alterations related to amino acid metabolism enzymes have been implicated in the pathogenesis of PDAC. Genetic ablation of Bcat2, endothelial NOS (eNOS), and glutamate ammonia ligase (GLUL) could attenuate PanIN progression (23, 83, 84). Moreover, genetic alterations have also been demonstrated to drive tumorigenesis through coupled metabolic and epigenetic reprogramming. Oncogenic KRAS cooperates with LKB1 loss to induce the serine-glycine-one carbon pathway that supports S-adenosyl methionine (SAM) generation and increase the activity of DNA methyltransferase (DNMT), which enhances DNA methylation and promotes pancreatic tumorigenesis (12). Furthermore, pancreatic tumor cells have an increasing demand for diverse amino acids as bioenergetics and biosynthesis substrates to support rapid growth and proliferation (Table 1). In addition to driving tumorigenesis and sustaining proliferative ability, amino acid metabolism is also involved in other processes including regulating invasion, metastasis, angiogenesis, and redox balance which are associated with the development of pancreatic cancer. Here, we summarize the mechanisms by which amino acid metabolism regulates these aspects in PDAC (Figure 3).


Table 1. Amino acids regulate pancreatic cancer growth.
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FIGURE 3. Amino acid metabolism regulates PDAC progression. In the development of PDAC, amino acid metabolism plays important roles in promoting invasion and metastasis, stimulating angiogenesis and regulating redox balance. Arginine metabolism contributes to invasion and migration of pancreatic cancer cells through modulating EMT-inducing transcription factors (EMT-TFs) expression and nitric oxide (NO)-mediated signaling pathways. In addition, glutamate and GABA related specific receptors can also regulate PDAC invasive properties through activating downstream effectors. In endothelial cells (ECs), glutamine metabolism is essential to support cell proliferation and sprouting by interlinking with asparagine metabolism. The cooperative interplay between NO and VEGF also contributes to angiogenesis. In PDAC, glutamine plays critical roles in regulating cellular redox balance by generating glutathione and NADPH. Distinct signaling factors can have impacts on pancreatic cancer cell redox balance by regulating the glutamine metabolic pathway.



Promotion of Invasion and Metastasis

Activating invasion and metastasis contributes to one of the main hallmarks of cancer (4). Epithelial to mesenchymal transition (EMT), which is a crucial feature of PDAC, occurs in the very early stages of tumor development, leading to early dissemination, drug resistance, and poor prognosis (96, 97). The EMT programs are mediated by master EMT-inducing transcription factors (EMT-TFs), including Snail, Slug, Twist, and Zeb1 (98, 99). It has been demonstrated that Zeb1 promotes pancreatic tumor progression from formation of early precursor lesions toward late-stage metastasis in contrast to EMT-TFs Snai1 and Twist1, which suggests that different EMT-TFs have specific and complementary subfunctions in driving pancreatic tumor metastasis (100, 101).

The progression of pancreatic cancer is highly reliant on amino acids, which can affect EMT program through modulating various EMT-TFs expression. A recent study demonstrated that arginine deprivation inhibited the adhesion, invasion and migration of pancreatic cancer cells through decreasing the expression of Snail, Slug, Twist as well as matrix metalloproteinases (MMPs) MMP-1 and MMP-9 and increasing E-cadherin expression, which is mediated by regulation of the PI3K/AKT/GSK3β signaling axis (102). As the only precursor available for the production of nitric oxide (NO) that modulates different cancer-related events, arginine plays an important role in tumor growth and metastasis. Nitric oxide synthase (NOS) family, which includes neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2) and endothelial NOS (eNOS or NOS3), catalyzes the conversion of arginine into citrulline and produces NO. The increased expression of iNOS and eNOS has been found in PDAC compared with normal tissue (103, 104). In PDAC, a high level of iNOS is associated with proliferation and invasiveness of tumor cells (105). Furthermore, NO is associated with the invasive phenotype of pancreatic cancer (106, 107). The function of NO and related signaling pathways in the regulation of pancreatic cancer development and progression has also been implicated. NO can contribute to enhanced invasive properties of PDAC cells via activation of the PI3K-AKT, RhoA, and ERK-Forkhead box transcription factor O 3 (FOXO3) pathways (105, 108) (Figure 3).

In addition to arginine and its metabolite NO, glutamine metabolism also plays a vital role in invasive property of pancreatic cancer (Figure 3). It has been indicated that proliferation and invasion of pancreatic cancer cells could be inhibited via suppression of glutamine metabolism enzyme GLS or GOT1 (30, 87). In recent years, emerging evidence suggest that neurotransmitters exert regulatory roles in TME to influence various malignant behaviors of cancer cells. As a crucial metabolite, glutamate is not only an important bioenergetic substrate for proliferating normal and cancer cells, but also a key excitatory neurotransmitter in the central nervous system (CNS). Glutamate exerts its action through activating metabotropic glutamate receptors (mGluRs) and ionotropic glutamate receptors (iGluRs) including N-methyl-D-aspartate (NMDA) receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors (AMPARs), and kainate receptors (KARs) (109). The role of glutamate as the excitatory neurotransmitter outside CNS particularly in pancreatic cancer is poorly understood. Recently, several studies investigated the effect of glutamate regulating invasiveness of pancreatic cancer via stimulation of its receptors. Glutamate-mediated AMPAR activation was found to increase invasion and migration of pancreatic cancer cells by activating KRAS-MAPK signaling pathway (110). Furthermore, Hanahan's group demonstrated that glutamate-NMDAR signaling pathway also contributes to pancreatic tumor invasion. The expression of NMDAR is upregulated in genetically engineered mouse models (GEMMs) of PDAC and pancreatic neuroendocrine tumor (PNET) (111, 112). Interstitial flow induced autologous glutamate secretion and subsequent activation of NMDAR and its downstream CaMK and MEK-MAPK pathways, thereby promoting invasiveness of PNET (111). Moreover, GKAP acts as a signal modulator of activity of the glutamate-NMDAR pathway and NMDAR/GKAP signaling supports invasiveness of both PDAC and PNET cells through activation of downstream effectors FMRP and HSF1 (112). In addition to glutamate, γ-aminobutyric acid (GABA), a non-protein amino acid synthesized by decarboxylation of glutamate by glutamic acid decarboxylase (GAD), is the main inhibitory neurotransmitter that exerts functions through GABA receptors including the ionotropic GABAA and GABAC receptors and the metabotropic GABAB receptor in the CNS (113, 114). The different effects of GABAA receptor and GABAB receptor on pancreatic cancer metastasis have been implicated. The stimulation of the GABAB receptor has been shown to suppress the invasiveness and metastatic potential of PDAC by inhibiting β-adrenergic signaling (115). Moreover, GABRP is the pi subunit of the GABAA receptor and the mechanism of GABRP regulating progression of pancreatic cancer has been discovered. The expression of GABRP is increased during malignant transformation of PDAC and patients with high GABRP expressing PDAC have a poor prognosis (95, 116). GABA can increase Ca2+ influx through GABRP and subsequently activate MAPK/ERK cascade, resulting in the growth promotion of PDAC cells (95). Furthermore, GABRP can also regulate PDAC progression in a GABA-independent manner. It was revealed that GABRP-KCNN4 complex induces a specific Ca2+-dependent activation of nuclear factor κB (NF-κB) signaling and further facilitates macrophage infiltration by inducing CXCL5 and CCL20 expression, thereby promoting tumor growth and metastasis in PDAC (116). Hence, the above findings suggest that targeting amino acids-related neurotransmitter receptor signaling pathways can be promising molecular targets for the treatment of pancreatic cancer.



Stimulation of Angiogenesis

Angiogenesis, the process by which novel blood vessels grow from pre-existing ones, is crucial for growth and metastasis of many tumors including pancreatic cancer by supplying nutrients and oxygen (117). Endothelial cells (ECs) play an essential role in promoting angiogenesis. It has been recognized that new vessel formation induced by ECs is not only dependent on growth factors-induced signaling cascades but also on endothelial metabolic phenotypes (118). During angiogenesis, ECs need to increase their metabolic activity to meet the biomass and bioenergetic demands of cell proliferation and migration. A large body of evidence has demonstrated that ECs are highly glycolytic, and they can take up glucose and produce large amounts of lactate through aerobic glycolysis (119). However, the role of amino acids in endothelial metabolism is unclear. Recent published studies provide evidence into how ECs use amino acids to support cell proliferation and angiogenesis (Figure 3). In ECs, glutamine metabolism via GLS is essential to replenish the TCA cycle, maintain redox balance and produce amino acids, proteins, nucleotides and lipids required for cell proliferation. Moreover, inhibiting asparagine synthetase (ASNS) expression impaired EC sprouting in the presence of glutamine and ECs also use macropinocytosis to provide non-essential amino acids including asparagine under glutamine limitation, which indicates that glutamine metabolism interlinks with asparagine metabolism in vessel sprouting (120, 121). Furthermore, in glutamine-deprived ECs, asparagine not only contributes to rescuing the proliferation defects but also proves crucial in restoring protein synthesis, suppressing endoplasmic reticulum (ER) stress and reactivating mTOR signaling (120). Given that mounting studies have suggested that GLS1 inhibition or blocking ASNS in combination with asparaginase treatment is effective in attenuating tumor growth, targeting GLS1 and ASNS could be promising therapeutic strategies to suppress cancer progression through impairing angiogenesis.

In addition to glutamine and asparagine, arginine metabolite NO and key enzyme NOS have been indicated to regulate angiogenesis and thus exert a significant impact on tumor progression (122). A large body of studies have revealed the role of the interactions between NO and angiogenic factor vascular endothelial growth factor (VEGF) on angiogenesis. NO could upregulate VEGF by activating the transcription factor HIF-1α, thereby promoting angiogenesis (123). Besides HIF-1α, heme oxygenase-1 (HO-1) also participates in NO-induced VEGF production in human umbilical vein endothelial cells (HUVECs) (124). In turn, numerous studies also demonstrated that eNOS contributes to the VEGF-induced angiogenesis via production of NO in ECs (125, 126). The cooperative interplay between NO and VEGF on tumor angiogenesis has been well-proved in various human cancers (127). Moreover, existing studies have also investigated the role of NO implicated in angiogenesis of pancreatic cancer. It has been suggested that increased eNOS expression in the vasculature and peritumoral tissue of PDAC is involved in the vascularization and neovascularization of pancreatic tumors (128). Additionally, the combination of NOS inhibition and VEGF receptor 2 (VEGFR-2) blockade significantly increased the anti-vascular effect over either therapy alone, resulting in greater pancreatic tumor growth inhibition (129). Therefore, based on the above findings, a better understanding of the mechanisms of various amino acids metabolism regulating ECs metabolic phenotypes and tumor angiogenesis will help to develop more effective anti-angiogenic therapy for treating pancreatic cancer.



Regulation of Redox Balance

Cancer cells encounter high levels of oxidative stress due to accumulated ROS during rapid progression, which enables them to exhibit elevated antioxidant capacity (130). Glutamine plays a critical role in maintaining redox balance of tumor cells (Figure 3). It is suggested that disruption of glutamine metabolism leads to a downregulation of various redox homeostasis proteins and an increase in accumulation of ROS, resulting in cellular redox imbalance to facilitate pancreatic cancer cell apoptosis (131). Glutathione (GSH), a tripeptide comprised of glutamate, cysteine, and glycine, is a key antioxidant molecule which can promote cancer cell redox homeostasis. The synthesis of GSH involves two ATP-dependent steps: formation of γ-glutamylcysteine from glutamine-derived glutamate and cysteine and following formation of GSH from γ-glutamylcysteine and glycine (132). Glutamine-derived glutamate also contributes to GSH synthesis by facilitating the uptake of cystine through the SLC7A11 (also known as xCT) transporter, which is coupled to the efflux of glutamate (133). Subsequently, cystine is converted to cysteine for incorporation into GSH in the cell. It has been revealed that glutamine deprivation could lead to decreased cystine uptake through SLC7A11 and reduced intracellular GSH levels (134, 135). Moreover, the expression of SLC7A11 is upregulated in the pancreatic tumor tissues and pancreatic cancer cells can increase SLC7A11 expression in response to oxidative stress, which results in the increase in GSH synthesis and enables tumor cells to survive in the presence of elevated ROS (91). Recent studies demonstrated that genetic deletion of SLC7A11 induces PDAC cell and tumor ferroptosis, and PDAC cells can use cysteine to synthesize GSH and coenzyme A to down-regulate ferroptosis (92, 93).

NADPH could exert functions in maintaining the content of reduced GSH as a coenzyme of glutathione reductase (GR). Recently, a study indicated that increased fatty acid oxidation (FAO) induced by REDD1 deficiency generates NADPH and GSH, which results in decreased oxidative stress and drives KRAS mutant pancreatic cancer progression (136). Moreover, glutamine can also contribute to the cellular redox homeostasis by generating NADPH in PDAC. Son et al. show that glutamine-derived aspartate is transported into the cytoplasm where it can be converted into oxaloacetate by GOT1. Oxaloacetate is converted to malate by MDH1, and then malate is converted to pyruvate to increase NADPH/NADP+ ratio through ME1. Importantly, genetic inhibition of these key metabolic enzymes in this pathway leads to an increase in ROS and a reduction in reduced GSH. Hence, NADPH produced by the unique glutamine metabolism manner is indispensable to maintain redox balance and support PDAC growth (9). Furthermore, emerging studies have provided evidence to focus on the effects of diverse factors regulating the unconventional glutamine metabolic pathway enzymes on pancreatic cancer cell redox balance. A recent study has indicated that upregulation of miR-9-5p leads to a significant decrease of NADPH production and corresponding increase of ROS in pancreatic cancer cells through directly inhibiting GOT1 (87). Moreover, CARM1 has been demonstrated to methylate and inhibit MDH1 on arginine 248, which suppresses glutamine metabolism and sensitizes PDAC cells to oxidative stress (19).




THERAPEUTIC STRATEGIES FOR TARGETING AMINO ACIDS

Due to its important roles in cancer progression, amino acid metabolism is becoming an increasingly promising target for pancreatic cancer therapy. Moreover, some targeting amino acid metabolism strategies in pancreatic cancer have entered to clinical trials (Table 2). Given that PDAC exhibits the increased dependence on glutamine metabolism, the small molecular inhibitors targeting the initiating enzyme in glutamine metabolism GLS1 such as bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), CB-839, and compound 968 have been actively investigated (8). It is worth noting that although GLS inhibition significantly reduced PDAC cell proliferation in short term assays in vitro, there is no significant tumor growth delay in mouse models of PDAC (137). Correspondingly, researchers have investigated the effect of combining GLS inhibition and other treatments on pancreatic cancer growth. In a patient-derived pancreatic orthotopic tumor model, encapsulation of BPTES with BPTES nanoparticles (BPTES-NPs) which improved its solubility and improved drug delivery to the pancreatic tumor, attenuates tumor growth more effectively than unencapsulated BPTES. Furthermore, it was revealed that PDAC cells that survive BPTES-NPs treatment are reliant on glycolysis and glycogen synthesis. Thus, combined metformin and BPTES-NPs treatment resulted in significantly greater tumor growth reduction compared with either drug alone (138). Additionally, concomitant treatment of PDAC with GLS inhibitors and ROS generating agents is further demonstrated. ß-lapachone (ß-lap) could cause tumor-selective ROS formation in an NADPH:quinone oxidoreductase 1 (NQO1)-specific manner. NQO1 is highly expressed in up to 90% of PDAC patient specimens, making NQO1-bioactivatable drugs, such as ß-lap especially noteworthy in targeting PDAC. BPTES pre-treatment sensitized mutant KRAS, NQO1 overexpressing PDAC cells to ß-lap, resulting in redox imbalance, extensive DNA damage and PARP-driven metabolic catastrophe. Moreover, the treatment with the CB-839 plus ß-lap combination in the tumor-bearing mice displayed delayed tumor growth and markedly extended survival (139). L-Buthionine-(S,R)-sulfoximine (BSO) is an inhibitor of γ-glutamylcysteine which is important for GSH synthesis. The dual combination of CB-839 and BSO resulted in decreased PDAC cell proliferation in vitro and significant tumor growth inhibition in vivo (137). Recently, clinical studies evaluating the combination of CB-839 and chemotherapy or targeted therapy in various solid tumors are recruiting (NCT02861300, NCT03965845, and NCT03875313), and assessing the safety, tolerability and efficacy of CB-839 in pancreatic cancer deserves to be considered.


Table 2. Clinical trials targeting amino acids metabolism in pancreatic cancer.
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Apart from glutamine, asparagine is also a critical amino acid for cancer cell survival and growth. Normal cells can receive asparagine via circulating asparagine supply or biosynthesis of asparagine from aspartate and glutamine by ASNS. A large body of evidence has indicated that acute lymphoblastic leukemia (ALL) cells with ASNS deficiency are particularly sensitive to asparagine limitation via L-asparaginase (ASNase) treatment (140). Moreover, emerging studies suggest that the expression of ASNS is downregulated in more than half of PDAC and ASNase treatment could be effective against PDAC growth (141). It has been shown that combined L-asparaginase and general control non-derepressible 2 (GCN2) inhibitor GCN2iA/B or MEK inhibitor PD-325901 could enhance the inhibition of pancreatic cell proliferation and tumor growth (142, 143). In a phase I clinical trial (NCT01523808), asparaginase encapsulated in erythrocytes (ERY-ASP) was well-tolerated by patients with metastatic PDAC (144). Recently, a completed phase IIb clinical trial (NCT02195180) exploring efficacy and safety of ERY-ASP in combination with chemotherapeutic drugs gemcitabine or FOLFOX displayed clinical benefit associated with improvements in overall survival (OS) and progression-free survival (PFS) irrespective of ASNS expression when used in the second-line treatment of advanced pancreatic cancer (145) (Table 2).

Arginine is important for metabolic functions of PDAC including synthesis of other amino acids, proteins, polyamines, and NO. Physiologically, arginine can be synthesized intracellularly from aspartate and citrulline by argininosuccinate synthetase (ASS) and following argininosuccinate lyase (ASL) in the urea cycle. Like asparagine metabolism, reduced ASS expression occurs in pancreatic cancer and ASS-deficient pancreatic cancer exhibits cells and tumor growth inhibition with arginine deprivation achieved by pegylated arginine deiminase (PEG-ADI) treatment (146). Mounting studies suggest that concurrent treatment with PEG-ADI and other drugs is a promising therapeutic strategy for treating ASS-low PDAC. Kim et al. recently discovered that the histone deacetylase (HDAC) inhibitor panobinostat is synergistically lethal with ADI-PEG20 in ASS1-low pancreatic cancer (147). Furthermore, the effect of treating ASS-negative PDAC with the combination of PEG-ADI with chemotherapy or radiotherapy has been well-demonstrated. The combination of PEG-ADI with gemcitabine displayed significant anti-tumor effects in an ASS-deficient PDAC mouse model through a mechanism by which PEG-ADI blocks gemcitabine-mediated overexpression of ribonucleotide reductase subunit M2 (RRM2) through abrogation of the inhibitory effect on E2F-1 activity following gemcitabine exposure (148). In addition, ASS1-deficient pancreatic cancer cells with ADI-PEG20 and docetaxel resulted in translocation of stabilized c-Myc to the nucleus and subsequent increase of hENT1 cell surface expression, which potentiated the effect of gemcitabine treatment via the increase in gemcitabine uptake and provided valuable evidence of combining ADI-PEG20, gemcitabine, and docetaxel for treating ASS1-negative pancreatic cancer (149). A phase 1/1B trial (NCT02101580) evaluating ADI-PEG20 in combination with gemcitabine and nab-paclitaxel in PDAC has been demonstrated that the combination was well-tolerated in some patients with advanced pancreatic cancer, and a further phase 2 trial is under discussion (150) (Table 2). Moreover, ADI-PEG20 enhanced radiation-mediated apoptosis by triggering the ER stress pathway and sensitized ASS1-deficient pancreatic cancer to radiation both in vitro and in vivo (151). Based on the findings, clinical trials assessing combination of radiation therapy and ADI-PEG20 in ASS1-deficient pancreatic cancer patients deserve to be considered.

In recent years, exploring the association between tumor metabolism and immunity has attracted broad attention and immunotherapy is emerging as a potential therapeutic tool for pancreatic cancer. Pancreatic cancer is characterized by a markedly immunosuppressive microenvironment mediated by immune suppressor cells including tumor associated macrophages (TAMs), regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), which contributes to tumor progression and metastasis (152). The immunosuppressive activity of MDSCs is associated with the arginine metabolism. MDSCs expressing high levels of arginase and iNOS exhibit inhibition of T cells functions through suppressing T cells proliferation and inducing T cells apoptosis via arginine depletion and NO generation (153). Human MDSCs can be characterized with two main subsets: monocyte-like MDSCs (mMDSCs) and neutrophil-like MDSCs (nMDSCs). In tumor tissues of PDAC patients, nMDSCs, but not mMDSCs, were found to be significantly increased and arginase 1 (ARG1) was predominantly expressed by nMDSCs (154). Further observation discovered that CD13 high nMDSCs expressed higher levels of ARG1 than CD13 low nMDSCs, which endowed CD13 high nMDSCs with stronger immunosuppressive ability (155). Given the high MDSCs heterogeneity, the immune suppressive factor arginase has been a potential target in cancer immunotherapy. Currently, clinical trials evaluating the anti-tumor effect of arginase inhibitor INCB001158 in combination with chemotherapy or immune checkpoint therapeutic agent pembrolizumab in patients with solid tumors are recruiting (NCT03314935 and NCT02903914).

Indoleamine 2,3-dioxygenase (IDO), the rate-limiting enzyme in converting EAA tryptophan to kynurenine, exhibits an immunosuppressive effect in cancer cells. Its role in immunosuppression involves the suppression of CD8+ T effector cells and natural killer cells as well as induction of Tregs and MDSCs (156). Overexpression of IDO has been identified to be associated with poor prognosis in many cancer types including pancreatic cancer (157, 158). Notably, simultaneously targeting IDO and tumor desmoplasia effectively controls tumor growth in mouse models of advanced pancreatic cancer (159). Recently, small molecule inhibitors of IDO such as indoximod, epacadostat, and navoximod are emerging as a therapeutic target in cancer and have been evaluated in clinical trials (160). In pancreatic cancer, a phase I/II clinical trial combining indoximod and chemotherapy was completed (NCT02077881). Moreover, emerging trials evaluating combination of epacadostat, immunotherapy and other therapeutic approaches such as GVAX pancreas vaccine and chemotherapy are ongoing (NCT03006302 and NCT03085914) (Table 2).



CONCLUSIONS AND FUTURE PERSPECTIVES

Since Otto Warburg made a pioneering discovery on aerobic glycolysis in 1920, mounting studies exploring cancer metabolism have provided substantial opportunities for treating the disease in a century. Cancer cells often exhibit metabolic reprogramming to sustain survival and promote tumor progression even under the harsh environment. The rewiring amino acid metabolism driven by oncogenic factors such as KRAS and MYC as well as tumor suppressors contributes to pancreatic cancer cell growth, invasion, metastasis, angiogenesis, and redox balance. In the hypoxic and nutrient-limiting TME, PDAC has the ability to utilize salvage processes including autophagy and macropinocytosis and reciprocal interaction with stromal components to fuel raising metabolic demand, which is required to sustain tumor growth.

Recently, accumulating evidence has investigated the role of the connection between cellular metabolism especially in amino acids metabolism and epigenetic modifications in cancer cell behavior. On the one hand, changes in tumor cell amino acids metabolism can impact epigenetic regulation. It has been shown that low glutamine in melanoma cells resulted in cancer cell dedifferentiation via histone hypermethylation (161). Serine can contribute to the conversion of methionine to SAM and subsequent DNA and RNA methylation through de novo ATP synthesis in colorectal cancer (CRC) cells (162). On the other hand, epigenetic program could in turn alter metabolism in cancer. Histone H3 lysine 9 methyltransferase G9A has been demonstrated to enhance the survival and proliferation of various cancer cells via activation of the serine-glycine biosynthesis pathway (163). In particular, a reciprocal regulation of amino acid import and epigenetic state through a Lat1-EZH2 positive feedback loop in lung cancer has been shown (164). In pancreatic cancer, it has been indicated that LKB1 loss can link serine metabolism to DNA methylation and tumorigenesis (12). Hence, a further understanding the crosstalk between the metabolic and epigenetic rewiring in pancreatic cancer is in high demand and helps to develop promising anti-cancer therapy.

It should be noteworthy that although targeting specific metabolic pathways is effective in vitro, the relevant applications in vivo may not show the same outcomes due to metabolic plasticity of pancreatic cancer (165). PDAC tumor cells represent a series of metabolic adaptations in resistance to one metabolic perturbation and utilize multiple available nutrients sources and diverse compensatory pathways to maintain growth in the unique TME. Therefore, combination therapies involving targeting adaptive metabolic pathways in PDAC may be a promising approach and evaluating emerging favorable pre-clinical combining strategies in patients can accelerate clinical application. In conclusion, more research is required to investigate the energy metabolism reprogramming in pancreatic cancer, which will develop efficacious therapeutics for treating the deadly disease.
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ABBREVIATIONS

ACC, Acetyl-CoA carboxylases; ACLY, ATP citrate lyase; ALL, Acute lymphoblastic leukemia; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; AMPARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors; AMPK, AMP-activated protein kinase; ARG2, Arginase 2; ASL, Argininosuccinate lyase; ASNase, L-asparaginase; ASNS, Asparagine synthetase; ASS, Argininosuccinate synthetase; ATF4, Activating transcription factor 4; BCAAs, Branched-chain amino acids; BCAT1, Branched-chain amino acid transaminase 1; BCAT2, Branched-chain amino acid transaminase 2; BCKAs, Branched-chain α-keto acids; BCKDHA, Branched-chain α-keto acid dehydrogenase a; BPTES, Bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide; BPTES-NPs, Bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide nanoparticles; BSO, L-Buthionine-(S,R)-sulfoximine; CAFs, Cancer-associated fibroblasts; CARM1, Coactivator-associated arginine methyltransferase 1; CNS, Central nervous system; CRC, Colorectal cancer; CREB2, cAMP-responsive element binding 2; CSCs, Cancer stem cells; DNMT, DNA methyltransferase; EAAs, Essential amino acids; ECs, Endothelial cells; EDD, E3 ubiquitin ligase identified by differential display; EMT, Epithelial to mesenchymal transition; EMT-TFs, EMT-inducing transcription factors; eNOS, Endothelial nitric oxide synthase; ER, Endoplasmic reticulum; ERY-ASP, Asparaginase encapsulated in erythrocytes; FAO, Fatty acid oxidation; FASN, Fatty acid synthase; FOXO3, Forkhead box transcription factor O 3; GABA, γ-aminobutyric acid; GABRP, γ-aminobutyric acid type A receptor pi subunit; GAD, Glutamic acid decarboxylase; GCL, Glutamate cysteine ligase; GCN2, General control non-derepressible 2; GEMMs, Genetically engineered mouse models; GLS, Glutaminase; GLUD, Glutamate dehydrogenase; GLUL, Glutamate ammonia ligase; GOT, Glutamate-oxaloacetate transaminase; GPT, Glutamate-pyruvate transaminase; GR, Glutathione reductase; GS, Glutathione synthetase; GSH, Glutathione; GSSG, Glutathione disulfide; HDAC, Histone deacetylase; HIF, Hypoxia-induced factor; HO-1, Heme oxygenase-1; HUVECs, Human umbilical vein endothelial cells; IDH1, Isocitrate dehydrogenase 1; IDO, Indoleamine 2,3-dioxygenase; iGluRs, Ionotropic glutamate receptors; IKKβ, I-kappa-B-kinase β; iNOS, Inducible nitric oxide synthase; IPMN, Intraductal papillary mucinous neoplasm; KARs, Kainate receptors; lncRNA, Long non-coding RNA; MDH1, Malate dehydrogenase 1; ME1, Malic enzyme 1; ME2, Malic enzyme 2; mGluRs, Metabotropic glutamate receptors; MMPs, Matrix metalloproteinases; mTOR, Mammalian target of rapamycin; mTORC1, Mammalian target of rapamycin complex 1; mutp53, Mutant p53; NAD, Nicotinamide adenine dinucleotide; NEAAs, Non-essential amino acids; NF-κB, Nuclear factor κB; NMDA, N-methyl-D-aspartate; NMDARs, N-methyl-D-aspartate receptors; nNOS, Neuronal nitric oxide synthase; NO, Nitric oxide; NOS, Nitric oxide synthase; NQO1, NADPH:quinone oxidoreductase 1; NSCLC, Non-small cell lung carcinoma; OAA, Oxaloacetate; OS, Overall survival; P5C, Δ1-pyrroline-5-carboxylate; P5CDH, Δ1-pyrroline-5-carboxylate dehydrogenase; P5CS, P5C synthase; PanIN, Pancreatic intraepithelial neoplasia; PDAC, Pancreatic ductal adenocarcinoma; PDH, Pyruvate dehydrogenase; PEG-ADI, Pegylated arginine deiminase; PFS, Progression-free survival; PNET, Pancreatic neuroendocrine tumor; POX, Proline oxidase; PP2A, Protein phosphatase 2A; PPARγ, Peroxisome proliferator-activated receptor gamma; PRODH, Proline dehydrogenase; PSCs, Pancreatic stellate cells; PYCR, P5C reductase; ROS, Reactive oxygen species; RRM2, Ribonucleotide reductase subunit M2; SAM, S-adenosyl methionine; SREBP1, Sterol regulatory element-binding protein 1; ß-lap, ß-lapachone; SYK, Spleen tyrosine kinase; TCA, Tricarboxylic acid; TME, Tumor microenvironment; TRIM21, Tripartite-motif-containing protein 21; VEGF, Vascular endothelial growth factor; VEGFR-2, Vascular endothelial growth factor receptor 2; α-KG, α-ketoglutarate.
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The metabolic reprogramming of cancer tissue has higher metabolic activity than surrounding tissues. At the same time, the local infiltration of immunosuppressive cells is also significantly increased, resulting in a significant decrease in tumor immunity. During the progression of cancer cells, immunosuppressive tumor microenvironment is formed around the tumor due to their metabolic reprogramming. In addition, it is the changes in metabolic patterns that make tumor cells resistant to certain drugs, impeding cancer treatment. This article reviews the mechanisms of immune escape caused by metabolic reprogramming, and aims to provide new ideas for clinical tumor immunotherapy combined with metabolic intervention for tumor treatment.
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INTRODUCTION

Current research on the immune system’s defense against cancer has led to the rapid development of cancer immunotherapy. Some cancer cells are immunogenic due to their high mutation rate, leading to immune escape (1). Immune escape is considered a marker of cancer progression, highlighting the direct involvement of immune cells (2). Immune cells affect all aspects of cancer progression, including survival, proliferation, angiogenesis, and metastasis (3). The immune escape produced by cancer cells is accomplished by reediting the immune system. Immune editing is a dynamic process that includes elimination, balance, and escape. First, tumor cells interfere with the immune system to eliminate rejection of cancer cells. Then, the immune system cannot completely eliminate the tumor cells to reach a state of equilibrium. Finally, with the emergence of new tumor cell variants, an immunogen was selected. Cells with low resistance or immune resistance reach the final immune escape stage (2). Meanwhile, recent studies have shown that immune cells have unique metabolic characteristics that affect their immune function, and metabolic reprogramming is an important step in activating immune cells (4). It is these metabolic changes that further influence the immune system during cancer development, which promote the progression of cancer.



REPROGRAMMING OF METABOLISM FOR CANCER PROGRESSION

Cancer cells are well-known for their faster growth and proliferation than normal cells, and in order to meet such demands, they must reprogram cell’s metabolism (5). Glucose metabolism produces ATP mainly through the oxidation of its carbon bonds. The end product can be lactic acid (anaerobic glycolysis pathway) or carbon dioxide (oxidative phosphorylation pathway) after glucose is completely oxidized by mitochondrial respiration. In tumor cells, even in the presence of oxygen and fully functioning mitochondria, glucose uptake rates increase dramatically and lactic acid is produced, known as the Warburg effect (6). Although the amount of ATP produced by glycolysis is small, its production rate is much faster than that of oxidative phosphorylation (7). In addition, the Warburg effect of tumor cells leads to increased production of lactic acid and extracellular pH of tumor microenvironment (TME), which is conducive to the processes of metastasis, angiogenesis, and immunosuppression (8). The Warburg effect is caused by a number of mechanisms. For example, glucose transporters mediate glucose transport, the first step in glycolysis, while PTEN and GLUT1 expression in the tumor cytoplasm is inversely correlated. Increased membrane expression and glucose uptake GLUT1, enhancing the Warburg effect (9). In addition, in renal cancer cells lacking von Hippel-Lindau tumor suppressor (VHL), HIF-1 also inhibits metabolism in the tricarboxylic acid (TCA) cycle by directly activating PDK1 (10).

In order to meet the rapid proliferation of cancer cells, the demand for amino acids increased significantly. Increased glutamine metabolism is a common metabolic change. Glutamine catabolism is catalyzed by glutaminase (GLS) to produce glutamic acid. Oncogenic transcription factor cMyc activates GLS expression and metabolism in tumor cells (11).

In cancer cells, the biosynthesis of fatty acids (FA) is more active, and cancer cells typically achieve higher lipid accumulation in the form of lipid droplets than normal cells. After the citric acid is produced by TCA cycle in mitochondria, the citric acid carrier (CIC) is transferred from the inner membrane of mitochondria to the cytoplasm and then enters de novo synthesis. CIC levels are elevated in many cancer cells, and its activity is necessary for tumor proliferation in vitro and tumorigenesis in vivo (12). In summary, tumor cells have reprogrammed their metabolism to affect normal cell metabolism while gaining much greater proliferation capacity than normal cells.



GLUCOSE METABOLISM AND TUMOR IMMUNITY

T cells are one of the important cells of tumor immunity, and it is necessary to express specific antigen in tumor. The anti-tumor activity of T cells is greatly influenced by cell metabolism. Therefore, in the process of tumor development, metabolic reprogramming of cells inevitably affects the anti-tumor activity of T cells (13). Normally, anaerobic glycolysis is the key to maintaining T-cell immune function (14). When blood glucose is normal, T cells up-regulate glucose transporter 1 and then promote glucose uptake and anaerobic glycolysis when stimulated by antigens (15). In acute infection, apoptotic T cells and memory T cells independent of anaerobic glycolysis are produced and undergo aerobic glycolysis (16).

As previously mentioned, the Warburg effect of tumor cells significantly increases the content of lactic acid in TME, a pro-inflammatory agent that activates the IL-23/IL-17 pathway, leading to inflammation, angiogenesis, and cell remodeling. Meanwhile, the increase of lactic acid in TME leads to the decrease of pH value, and the expression of arginase I (ARG1) in macrophages increases after the acidification of TME, thus inhibiting the proliferation and activation of T cells (17).

It is well known that programmed death ligand 1 (PD-L1, also known as CD274, and B7-H1) binds to its receptor PD-1 to produce effects. PD-1 is a cell surface protein that is widely present on the surface of T cells, NK cells and dendritic cells (DC) (18). The combination of PD-L1 and PD-1 triggers inhibitory signaling, thereby suppressing the role of T cells (19). Shaojia Wang et al. found that overexpression of PD-L1 in cervical cancer cells increases glucose metabolism and is associated with tumor metastasis. From a mechanistic perspective, PD-L1 directly binds to integrin β4 (ITGB4) and activates the AKT/GSK3β signaling pathway to induce the expression of the transcriptional repressor SNAI1. SNAI1 can affect the epithelial-mesenchymal transition and the expression of genes regulating glucose metabolism by inhibiting the activity of SIRT3 promoter, thereby inhibiting T cell action and promoting tumor immune escape. The high expression of PD-L1 and ITGB4 in human cervical cancer is closely related to T cell function inhibition, tumor lymph node metastasis and poor prognosis (20). Siska Peter J et al. discovered that in patients with B-cell leukemia, the expression of PD-1 and TIM3 will increase, which will cause the activation of T cells, but will also lead to a decrease in T cell reactivity at the same time. Due to the increased expression of PD-1 and TIM3, it can genetically cause a decrease in Akt/mTORC1 signaling or Glut1 expression, resulting in impaired T cell metabolism and inhibiting T cell function (21). Co-stimulation and inhibitory signals jointly regulate the anti-tumor ability of tumor antigen-specific T cells. In the past, we always tried to restore the function of unresponsive T cells by blocking the inhibitory pathway. On the contrast, there have been opinions that provide T cells with extra co-stimulation signals can also enhance its anti-tumor function recently. Polesso Fanny et al. demonstrated a synergistic effect of targeted blockade of PD-L1 and the provision of a co-stimulatory agonist to OX40, which can increase the glucose metabolism of CD8 + T cells and the acquisition of granzyme B by regulatory T cells, which increase The existence and function of tumor antigen-specific CD8+T cells (22).

MicroRNA is an important substance regulating T cell immunity (23). Zhang Tengfei et al. examined the effect of miR-143 on the differentiation and function of T cells, and found that in esophageal cancer cell lines, overexpression of miR-143 inhibited the glucose transporter 1 (Glut-1) in T cells, inhibiting the glucose uptake and glycolysis of T cells, thereby regulating the differentiation of T cells and inhibiting the antitumor effect of T cells (24). In addition, Zhao Ende et al. found that ovarian cancer cells restrict the glucose uptake of T cells by maintaining the high expression of miR-101 and miR-26a, which weaken their function and thereby limit their methyltransferase EZH2 expression. Under normal circumstances, EZH2 can inhibit the Notch repressors Numb and Fbxw7 by trimethylating the histone H3 located at Lys27, and then further activate the Notch pathway to stimulate the expression of T cell multi-factors and transmit Bcl-2 signal to promote their survival (25).

Generally speaking, as a part of immune cells, neutrophils are important to provide immune protection to the body. However, in cancer, neutrophils can destroy the function of T cells through reactive oxygen species (ROS), thereby promoting tumor progression. We generally believe that neutrophils rely entirely on glycolysis to produce energy. Research by Rice Christopher M et al. revealed that immature c-Kit neutrophil subsets can participate in oxidative mitochondrial metabolism. In the TME, due to insufficient glucose supply, oxidative neutrophils can oxidize mitochondrial FA to generate NADPH oxidase-dependent ROS, and then inhibit the role of T cells to maintain local immune suppression. Consistent with this, neutrophils in peripheral blood of cancer patients generally show immature status, and the content of mitochondria and the degree of oxidative phosphorylation have increased (26).

A molecule called TIGIT exists on the surface of T cells, which is an immune checkpoint molecule that inhibits T cell responses. He Weiling et al. evaluated the role of TIGIT checkpoints in the occurrence and development of gastric cancer. They found that the proportion of CD8+ T cells expressing TIGIT on the surface of gastric cancer patients increased. In addition, gastric cancer tissues and cell lines also expressed CD155, which combined with TIGIT to restrict the glucose uptake of CD8+ T cells and then weaken the function of CD8+ T cell effector molecules, causing these cells to exhibit functional failure and impairing their activation, proliferation, cytokine production, and metabolism. Once CD155 is silenced, T cell metabolism in gastric cancer tumor cells is more active than before, and IFN-γ production is increased. Similarly, targeting CD155/TIGIT can enhance CD8+T cell response and improve the survival rate of experimental animals (27).

In tumor immunotherapy, the biggest obstacle is the immunosuppressive microenvironment induced by regulatory T (Treg) cells. Treg can induce normal cell death and suppress effector T cells by mediating accelerated glucose depletion. Li Lingyun et al. discovered that TLR8 signal transduction can selectively inhibit glucose uptake and glycolysis in Treg, thereby reversing Treg’s inhibitory function, which can be a feasible method to promote tumor immunotherapy (28).

A large number of clinical evidences show that T cell immunotherapy is of great benefit to the prognosis of tumor patients. However, many studies have found that in solid cancers, this type of immunotherapy is often limited due to down-regulation of MHC I antigen presentation. In view of this, the relevant experiments designed by Marijt Cohen et al. showed that the phosphorylation signal transducer STAT1 failed to express itself in tumor cells for the reason that time was an anoxic environment and glucose deficiency, which resulted in a decrease in MHC class speech antigen even in the presence of sufficient stimulating cytokine IFN-γ. In cancer cells under this TME, the activity of PI3K in tumor cells increased, leading to the decreased sensitivity of CD8+ T cells to tumor recognition (29). Catalan Elena et al. also found that the deficiency of ERK5 expression and the decrease of MHC I expression in tumor cells made tumor cells more prone to glycolysis, which would help tumor cells to escape the immune monitoring of cytotoxic T cells (CTL). Furthermore, through further research on leukemia EL4 cells and L929-transformed fibroblasts, they also concluded that tumor cells are sensitive to CTL when MHC-1 is at a low expression level in tumor cells. At the same time, the sensitivity to NK cells has been improved. However, when its MHC-1 expression is completely deleted, tumor cells can promote mitochondrial oxidative phosphorylation to increase the efficacy of tumor immunotherapy (30).

Whether fighting infection or defending against cancer, CD8+ memory T cells (Tm) are the basis of immunity, whose activity is controlled by metabolic activity. Under normal circumstances, CD8+ Tm up-regulates PCK1 in the cytoplasm -a key molecule that regulates glycolysis, tricarboxylic acid cycle, and gluconeogenesis, increases glycolysis and promotes the breakdown of glycogen to glucose 6-phosphate, and then generates a large amount of NADPH through Pentose Phosphate Pathway (PPP) to ensure that glutathione is at a high level in Tm. Ma Ruihua et al. found that the pathway mentioned above were inhibited during the development of tumors, causing the GSH/GSSG ratio in Tm decreased, which result in obstacles to Tm formation and impaired function (31).

As shown in Table 1, these molecules are all associated with glucose metabolism and tumor immunity. Glucose-related metabolic abnormalities in tumor cells can affect the TME. At the same time, tumor cells competitively absorb glucose from the extracellular environment, resulting in decrease in glucose in T cells, thereby inhibiting T cell energy supply, blocking synthesis and affecting T cell function (Figure 1).


TABLE 1. Glucose metabolism and tumor immunity.

[image: Table 1]
[image: image]

FIGURE 1. Abnormal glucose metabolism and tumors. Glucose-related metabolic abnormalities in tumor cells can affect the tumor microenvironment. At the same time, tumor cells competitively absorb glucose from the extracellular environment, resulting in decrease in glucose in T cells, thereby inhibiting T cell energy supply, blocking synthesis and affecting T cell function. GLUT1, Glucose transporter 1; MCT-1, Monocarboxylate transporter 1; ASCT2, Amino acid transporter 2; LAT1/LAT2, L-amino acid transporter 1/2; and ROS, Reactive oxygen species.




FATTY ACID METABOLISM AND TUMOR IMMUNITY


Macrophages and Fatty Acid Metabolism

Macrophages are widely present in all tissues, and have strong plasticity and functional diversity. Macrophages are involved in the initiation and development of a variety of diseases, and therefore have become important intervention targets for diseases. Macrophages mainly depend on glycolytic metabolism capacity, but fatty acid levels in cells can also significantly affect cell function. The protein chaperone glucose-regulated protein 78 (GRP78) can mediate the endoplasmic reticulum (ER) stress pathway and cause an unfolded protein response. Studies on breast cancer cells showed that after the expression of GRP78 on the surface of cancer cells is silenced, fatty acid transport in mitochondria is inhibited, which reduces fatty acid oxidation and increases the concentration of unsaturated FA in the cell. Animal experiments by Cook Katherine L et al. showed that inhibiting GRP78 or reducing linoleic acid content in cells could increase MCP-1 in serum and reduce CD47 expression, thus increasing macrophage infiltration (32).

Macrophages enhance the body’s anti-tumor immunity by phagocytosing and killing tumor cells. Liu Mingen et al. found that cancer cells express CD47 to achieve immune escape, which can be avoided by CpG oligodeoxynucleotides-a Toll-like receptor 9 agonist. CpG oligodeoxynucleotides can change the central carbon metabolism of macrophages. It can enhance the anti-tumor immune activity of macrophages and promote the phagocytosis of CD47 expressing cancer cells by macrophages. Since CpG activates the de novo synthesis of FA, it gives macrophages anti-cancer potential (33).



T Cells and Fatty Acid Metabolism

Studies have shown that the energy supply of T cells mainly depends on anabolic metabolism, such as aerobic glycolysis. But fatty acid metabolism can regulate the immune function activity of T cells, including the balance between effector T cells (Teff) and T cells (34). At the same time, Treg is also involved in the up-regulation of FAO gene expression, and the increase in FAO levels can further promote the generation of Treg cells (35). In addition, FAO plays an important role in the production and maintenance of Tm cells (36).

The development of cancer will lead to changes in lipid metabolism, causing a change in the proportion of metabolic intermediates, which will have a certain impact on the immune system. Wefers Christina et al. collected cancerous ascites from patients with ovarian cancer and studied it. It was found that T cells obtained from cancerous ascites could not proliferate normally after antigen stimulation, and lymphocytes could not proliferate in the acellular area of ascites. They compared cancerous ascites with normal ascites and found the difference between them is in lipid regulation, which indicates that lipid intermediates are present in ascites of ovarian cancer patients, leading to T cell dysfunction (37).

Tumor-associated bone marrow cells create an immunosuppressive microenvironment within the tumor. Leukocyte immunoglobulin-like receptor B (LILRB) family members are negative regulators of myeloid cell activation. Chen Hui-Ming et al. regulate tumor-associated myeloid cells through LILRB. In the presence of M-CSF and IL-4, LILRB2 inhibits the activation of AKT and STAT6, alters lipid/cholesterol metabolism, inhibits the infiltration of granulocyte MDSC and Treg, and significantly enhances the immune activity of T cells and promotes anti-tumor immunity (38).

Tumor cells cause metabolic reprogramming of T cells. Patsoukis Nikolaos et al. found that when PD-1 is connected, although activated T cells cannot perform glycolysis and amino acid metabolism, in this state, PD-1 can increase its fatty acids beta oxidation (FAO) rate by increasing the expression of CPT1A. At the same time, they also found that CTLA-4 can inhibit T cell glycolysis without increasing FAO, because it maintains an unactivated state and inhibits T cell antitumor immunity (39).

The conversion of cell membrane sphingomyelin (SLs) to ceramide requires the participation of acid sphingomyelinase (ASM). In cancer cells, ASM-mediated production of ceramide is essential for cell apoptosis, proliferation, and immune regulation. Kachler Katerina et al. demonstrated that in patients with non-small cell lung cancer (NSCLC), ASM activity is increased in TME and serum, and its increase can significantly inhibit Th1-mediated and CTL-mediated anti-tumor Immunity, which promotes the development of tumors (40). In addition, Batova Ayse et al. discovered that Englerin A in renal clear cell carcinoma (cc-RCC) significantly changes its lipid metabolism, and ceramide may be a mediator of Englerin A production, helping Englerin A to induce acute inflammatory response and mediate anti-tumor immunity (41). FA are important components of cell membranes, signal molecules, and bioenergy substrates. Accompanying the functional and metabolic changes that occur during the activation and differentiation of CD8+ T cells, fatty acid metabolism will also have corresponding changes. Lee JangEun et al. found that the tumorigenesis process is often accompanied by the loss of T cell-specific acetyl-CoA carboxylase 1 (ACC1). ACC1 catalyzes the conversion of acetyl-CoA to malonyl-CoA, which is a carbon donor in the process of long-chain fatty acid synthesis. Thus the lack of ACC1 will cause serious defects in CD8+T cells and promote tumor immune escape (42).

CARs are widely used clinically to redirect T cells to the cytotoxicity of cancer cells. However, the CAR’s co-stimulatory domain that affects CAR-T cell persistence and effector capacity is still uncertain. Kawalekar Omkar U et al. reported the effect of co-receptor CD28 and 4-1BB signaling domains on the metabolic characteristics of human CAR-T cells. Among them, 4-1BB increases the fatty acid oxidation of CD8+ T cells and mitochondrial biogenesis to promote its growth, while CD28 enhances the glycolysis of CAR-T cells, which provides a theoretical basis for the future application of CAR-T cell therapy (43).



Dendritic Cells and Fatty Acid Metabolism

Fatty acid metabolism connects innate and adaptive immune responses by regulating DC function. In addition, DC cells are necessary to initiate and maintain T-cell-dependent anti-tumor immunity. Tumor cells usually evade immunosuppression by weakening normal DC function. Cubillos-Ruiz Juan R et al. found that the ER stress response factor XBP1 can directly promote tumor growth. In ovarian cancer, XBP1, which is promoted by lipid peroxidation byproducts, is activated to induce tumor-associated DC (tDC) to initiate triglyceride biosynthesis procedures, leading to abnormal lipid accumulation and subsequently inhibit tDC’s ability to support anti-tumor T cells, thereby achieving the purpose of inactivating anti-tumor immunity and promoting tumor development (44).

Fatty acid synthase (FASN), a key metabolic enzyme for fatty acid synthesis, can directly promote tumor proliferation and metastasis. In the study by Jiang Li et al., it was described that the later the clinical stage of ovarian cancer, the more obvious the increase of FASN expression is, and it is related to the state of immune suppression. They proposed that the intrinsic FASN of tumor cells promotes the development of ovarian cancer by weakening anti-tumor immunity, and found that the activation of FASN in cancer cells can lead to an increase in lipid concentration in TME, and the accumulation of abnormal lipids inhibits the ability of tumor infiltration DC (TIDC) to support anti-tumor T cells. DC fail to present antigens and primary T cell is disability when they are cultured in the ascites of ovarian cancer patients with activated FASN, which further support this view. In short, ovarian cancer endogenous FASN can induce tumor cells’ immune escape through lipid accumulation in TIDC and subsequent T cell rejection and dysfunction (45).



NK Cells and Fatty Acid Metabolism

In some cancers, more than 49% is attributed to obesity, which may because of excessive production of hormones, adipokines and insulin. Cytotoxic immune cells are essential for immunodetection. Michelet Xavier et al. proposed that obesity-induced peroxisome proliferator-activated receptor (PPAR) drive lipid accumulation in NK cells and then leads to impaired cell metabolism and transport, which weakens the antitumor response of NK cells (46). Therefore, the abnormal metabolism of lipids and lipid-related molecules in tumor cells will affect the metabolic level of immune cells, leading to immune cell dysfunction, achieving immune evasion and weakening anti-tumor immunity (Figure 2 and Table 2).
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FIGURE 2. Abnormal fatty acid metabolism and tumors. The abnormal metabolism of lipids and lipid-related molecules in tumor cells will affect the metabolic level of immune cells, leading to immune cell dysfunction, achieving immune evasion and weakening anti-tumor immunity. CPT1A, Carnitine palmitoyltransferase 1A; ACC1, Acetyl-CoA carboxylase 1; ASM, Acid sphingomyelinase; MCP-1, Monocyte chemoattractant protein 1; FASN, Fatty acid synthase.



TABLE 2. Fatty acid metabolism and tumor immunity.
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AMINO ACID METABOLISM AND TUMOR IMMUNITY

T lymphocyte metabolism changes with its functional status (47). For resting T cells, only low oxidative phosphorylation is required to maintain their normal life activities. When T cells are activated, they must proliferate in large numbers to produce sufficient effector cells. At this time, the metabolic requirements of T cells are significantly increased, and the main pathway of energy production also changes from low levels of oxidative phosphorylation to high levels of glycolysis and amino acid metabolism to support the synthesis of nucleotide and lipid, which is necessary for its growth and proliferation (48).

During the tumorigenesis process, due to many physiological changes, some new immune checkpoints will be generated, and these physiological changes can reprogram the inflammation, immune and metabolic processes in malignant lesions and local lymphoid tissues, thus constituting a TME that suppresses immune effects. Elevated catabolism of tryptophan (Trp) and arginine (Arg) is a common TME marker in the clinical manifestations of cancer. Indoleamine 2,3 dioxygenase (IDO) and arginase 1 (ARG1) break down Trp and Arg, respectively, and respond to inflammatory signals including interferon and TGFβ cytokines (49). Amino acid degradation reactions mediated by IDO and ARG1 have become key factors in regulating tumor-induced immune tolerance. Tryptophan degrading enzymes and arginine degrading enzymes expressed by tumors and tumor infiltrating cells can effectively impede cancer-specific immune responses (50).

Originally, tryptophan dioxygenase (TDO) was considered to be the only enzyme capable of metabolizing l-tryptophan, which is an essential amino acid. However, IDO was later found in rabbits and proved to be able to metabolize both l-tryptophan and d-tryptophan at the same time (51). IDO is associated with a variety of immune diseases such as cancer, allergies, autoimmunity, and inflammation. In some tumors, there is abundant lymphocyte infiltration around IDO1-expressing tumor cells, which means that IDO expression may be the result of IFN-γ expression and drug resistance mechanisms. In other cancers, IDO1 expression is constitutive, while tumor cells expressing IDO1 are surrounded by fewer lymphocytes (52).

Indoleamine 2,3 dioxygenase 1 and TDO contain a group of enzymes that are required for the first step in catalyzing the decomposition of Trp into kynurenine (Kyn), and also the rate-limiting step of this reaction. The Kyn generated by this reaction is further converted into the high-energy substrate NAD (+) And ATP, which energize cell activity, and in tumor cells, IDO activity significantly increases, which causes the lack of Trp in TME and the accumulation of downstream product Kyn, while the depletion of Trp and the excessive accumulation of Kyn induce effects T cell apoptosis, dysfunction and induction of immunosuppressive regulatory T cells. In short, tryptophan metabolism is essential for cell proliferation, inflammatory response and immune regulation, and accelerated tryptophan breakdown promotes immune escape of tumors (53–55).

As described previously, the catabolism of arginine is significantly increased in tumor tissues, which can lead to a decrease in the intracellular L-arginine concentration. L-arginine levels are closely related to the activation and maintenance of T cells. High levels of L-arginine can promote the metabolism of T cells from glycolysis to oxidative phosphorylation, thereby activating T cells and promoting the production of central memory cells. In contrast, low L-arginine concentrations in tumor tissues hinder T cell activation and inhibit T cell function (56). And myeloid-derived suppressor cells (MDSCs) are heterogeneous populations of immature cells that expand during the inflammatory process caused by tumor tissues and then increase the metabolism of l-arginine (l-Arg) by ARG1 and nitric oxide synthase 2 (NOS2), thereby suppressing the immune capacity of T cells (57).

Tumors can create a microenvironment that interferes with metabolism and effector functions of T cell to escape immune control. Ovarian cancer tissue can induce ER stress and activate the IRE1α-XBP1 arm of T cells involved in protein expansion response, thereby controlling the mitochondrial function and antitumor ability of T cells. The study of T cells isolated from ovarian cancer patients found that up-regulation of XBP1 would reduce the ability of T cells to infiltrate tumor tissues and reduce the expression of IFNG mRNA. Tumor tissue can inhibit the uptake of glucose in T cells and cause defects in intracellular N-catenin glycosylation, which triggers the activation of IRE1α-XBP1. The induction of XBP1 regulates the abundance of glutamine carriers on T cell membranes, which prevents glutamine from entering mitochondria under conditions of glucose deficiency. And glutamine is necessary for mitochondrial respiration. Thus XBP1 ultimately inhibits the activity of mitochondria and hinders the production of IFN-γ (58). One of the hallmarks of renal clear cell carcinoma is glutamine addiction. Excessive consumption of glutamine caused by glutamine addiction can result in local deprivation of glutamine outside the cell, which can induce macrophages to secrete IL23 through activation of hypoxia-inducible factor 1α (HIF1α), and IL23 activates the proliferation of Treg cells, promotes the expression of IL10 and TGF β, thereby inhibiting cytotoxic lymphocytes from killing tumor cells and coordinating immune escape (59).

It was reported that DC-HIL binds to syndecan-4 on effector T cells and produces an inhibitory effect on T cells. The concentrations of IL-1β and IFN-γ in melanoma tissues are higher than those in normal tissues. Both of them can induce the expression of DC-HIL through tumor-infiltrating CD11b (+) Gr1 (+) cells. DC-HIL can promote intracellular immune receptor tyrosine activation phosphorylation, induce intracellular expression of IFN-γ and nitric oxide synthase, and further inhibit T cell function (60).

L-amino acid oxidase (LAAO) is a flavin adenine dinucleotide-dependent enzyme, the most typical of which is IL4I1, which mainly oxidizes 1-phenylalanine. IL4I1 can inhibit T cell proliferation and cytokine production by limiting the ability of T cells to respond to the stimulation of cloned receptors. In addition, IL4I1 can also promote the differentiation of naive CD4+T cells into regulatory T cells, thereby suppressing effector T cells’ function (61). The metabolism of abnormal amino acids and amino acids related molecules in tumor cells will affect the expression of metabolism-related genes in immune cells, thus leading to the increased expression of molecules that promote tumor proliferation and weaken anti-tumor immune effects (Figure 3 and Table 3).
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FIGURE 3. Amino acid-related metabolic abnormalities and tumors. The metabolism of abnormal amino acids and amino acids related moleculars in tumor cells will affect the expression of metabolism-related genes in immune cells, thus leading to the increased expression of molecules that promote tumor proliferation and weaken anti-tumor immune effects. MDSC, Myeloid-derived suppressor cell; ARG1, Arginase 1; L-Orn, L-Ornithine; L-Arg, L-Arginine; L-Trp, L-Tryptophan; L-Kyn, L-Kynurenine; PUT, Putrescine; SPD, Spermidine; SPM, Spermine; ODC, Ornithine decarboxylase; NOS2, Nitric oxide synthase 2; BCAA, Branched chain amino acid; and BCKA, Branched keto acid.



TABLE 3. Amino acid metabolism and tumor immunity.
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DRUG RESISTANCE AND METABOLISM

Many drugs were originally designed to inhibit certain specific targets, and later experiments have shown that their effects are related to metabolism. And metabolic reprogramming may also be a way for cancer cells to escape from the selective inhibition of target drugs and become resistant.


Amino Acid Metabolism and Drug Resistance

Immunotherapy has become the main means of fighting cancer. However, for breast cancer, its responsiveness to immunotherapy is low, so it is necessary to find effective strategies to overcome the resistance of immunotherapy. Among them, triple negative breast cancer (TNBC) is the most difficult Type, which is largely related to the plasticity of tumor cells and the persistence of cancer stem cells (CSC). Conventional chemotherapy methods have enriched CSC, leading to drug resistance and disease recurrence. Showalter Loral E et al. found that the expression of histone lysine-specific demethylase 1 (LSD1) is inversely proportional to chemokine CCL5 levels that attract CTLs, while the use of LSD1 inhibitors combined with PD-1 antibodies can significantly increase the infiltration of CD8 + T cells and reduce the tolerance of TNBC to chemotherapy drugs (62, 63). In addition, Chen Weilong et al. found that during the taxane-containing chemotherapy, the CC motif chemokine ligand 20 (CCL20) was significantly elevated, which is activated by protein kinase Cζ (PKCζ) or p38 mitogen Protein kinase (MAPK) -mediated NF-κB activation to promote self-renewal and maintenance of CSC or breast cancer stem-like cells, while NF-κB activation increases CCL20 expression, forming a positive feedback loop between the NF-κB and CCL20 pathways, providing continuous momentum for chemo-resistance in breast cancer cells (64–66). Yu Shiyi et al. found that heat shock protein 90 (HSP90) and histone deacetylase 6 (HDAC6) are promising anticancer drug targets. Anti-HDAC6 can effectively improve the resistance of TNBC to tamoxifen (67, 68). In HER2 (+) breast cancer, the targeted anticancer drug lapatinib can directly interfere with HER-2 signaling to inhibit cancer cell proliferation. When patients show resistance to lapatinib, combined application of Th1 cytokines can greatly inhibit the metabolism of cancer cells, enhance the metabolic inhibition induced by lapatinib, and almost abolish drug resistance (62).

Over-activation of tyrosine kinase (JAK) and related transcription factors STAT3 and STAT5 in the cytoplasm of tumor cells can be found in most of the malignant tumors. JAK/STAT3 signal transduction has the ability to suppress tumor immunity, and the application of JAK inhibitors in colon cancer can suppress sporadic colon cancer caused by mutations in APC inhibitory genes, and it may also provide treatment opportunities for other oncogenes with resistance (69). Inhibitory LILRB1-5 signal through their immunoreceptor tyrosine-based inhibitory motif (ITIM) in their intracellular domain and recruit the phosphatase protein tyrosine phosphatase (PTPN), which can directly regulate the development, drug resistance and recurrence of cancer, and when PTPN is missing, it can induce the resistance of CD 8 T cells to the inhibitory effect of TGFβ, which can improve the sensitivity of tumor treatment (70–72). Tyrosine kinase inhibitor (EGFR-TKI) has achieved good clinical results in the treatment of patients with NSCLC. However, recent clinical studies have shown that Adenine nucleotide translocase-2 (ANT2) can promote tumor cells to EGFR -TKI resistance, in addition, the generation of EGFR-TKI function involves the ErbB receptor pathway, however, in cancer tissues that are resistant to EGFR-TKI, ErbB receptor-independent oncogenic pathway genes are overexpressed and the biosynthesis of partially inflammatory cytokines is too active, so it is speculated that using EGFR-TKI with antibody inhibitors may have a better chance of avoiding drug resistance (73, 74). In addition to being able to escape the cytotoxic effects of chemotherapy, multidrug-resistant cancer cells bypass the anti-cancer drug-induced immunogenicity. In their research, it was found that intracellular IDO1 activity and expression are both higher, JAK1/STAT1 and JAK1/STAT3 signaling have higher basic activities, and the STAT3 inhibitor PIAS3 is down-regulated. Campia Ivana et al. proposed that due to Constitutive activation of JAK/STAT/IDO1 axis, multidrug-resistant cells have a stronger degree of immunosuppression than chemically sensitive cells, leading to chemical and immune evasion, so destroying this axis may significantly improve chemoimmunotherapy regimens for tumors’ drug-resistant (75).



Glucose Metabolism and Drug Resistance

In glucose metabolism, the TCA cycle is considered to be an internal clean metabolic pathway, which is essential for energy production and biosynthetic intermediates. Changes in the TCA cycle play a key role in tumorigenesis and inflammation, and have a certain relationship with tumor drug resistance mechanisms (76). Among the Warburg effects caused by tumors, HIF1 is the main hypoxia-induced transcription factor, which promotes dissociation between glycolysis and the TCA cycle, restricts the effective production of ATP and citric acid to prevent glycolysis. And the Warburg effect causes the accumulation of lactic acid, which will promote tumor progression, inhibit T cell function, and make it resist to some anti-tumor therapies. Therefore, the design of new anti-tumor drugs against HIF1 can solve the problem of tumor resistance to chemotherapeutics to a certain extent (77–80).



Fatty Acid Metabolism and Drug Resistance

Sphingomyelin is a necessary class of biologically active lipids, which are key components of cell membranes and are involved in cell differentiation, apoptosis, aging and other processes. Cancer cells usually show increased growth effects and escape from the cell death process. Studies have shown that enzymes involved in SL synthesis and catabolism can change in cancer cells, allowing cancer cells to acquire resistance properties (81).

Epithelial to mesenchymal transition (EMT) is a manifestation of malignant tumors, characterized by invasion and metastasis, enhanced chemical resistance, and escape from host immunity. We found that the inhibitory effect of PI3K-AKT-mTOR signal significantly reduced glycolysis and fatty acid oxidation and inhibited tumor growth, while phospholipase A2 (PLA2) can mobilize lysophospholipids and free FA to maintain fatty acid oxidation and oxidation phosphorylation, which reduces the inhibitory effect of PI3K-AKT-mTOR signaling, provides a new strategy for cancer treatment. In addition, the mTOR inhibitor PP242 can restore EMT, increase the expression of PD-L1 in cancer cells, and restore the sensitivity of cancer cells to chemical drugs (82–87). As shown in Table 4, these molecules are linked with drug resistance and metabolism.


TABLE 4. Drug resistance and metabolism.
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CONCLUSION AND FUTURE PERSPECTIVES

The occurrence and development of tumors are accompanied by metabolic reprogramming. The effect of metabolism on immunity cannot be ignored. In this review, we provide a comprehensive overview of molecular, cellular, and microenvironmental mechanisms that together help understand how tumors can alter their own metabolism to achieve immune escape. Changes in the metabolism of sugar, fat, and amino acids affect immune cells. In order to use these metabolic characteristics to increase the efficacy of existing therapies, reduce the drug resistance of tumors or discover new treatments, many studies have been conducted in the field of tumor metabolic reprogramming. These studies describe the latest developments in the field and predict the problems that need to be solved.
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ABBREVIATIONS

 ACC1, acetyl-CoA carboxylase 1; ARG, arginase; Arg, arginine; ARG1, arginase 1; ASM, acid sphingomyelinase; cc-RCC, renal clear cell carcinoma; CIC, citric acid carrier; CSC, cancer stem cells; CTL, cytotoxic T cells; DC, Dendritic cells; EMT, Epithelial to mesenchymal transition; ER, endoplasmic reticulum; FA, fatty acids; FAO, fatty acids beta oxidation; FASN, Fatty acid synthase; GLS, glutaminase; Glut-1, glucose transporter 1; GRP78, glucose-regulated protein 78; HDAC6, histone deacetylase 6; HIF1 α, hypoxia-inducible factor 1 α; HSP90, heat shock protein 90; IDO, Indoleamine 2,3 dioxygenase; ITGB4, integrin β 4; ITIM, immunoreceptor tyrosine-based inhibitory motif; JAK, tyrosine kinase; Kyn, kynurenine; LAAO, L-amino acid oxidase; l-Arg : l-arginine; LILRB, Leukocyte immunoglobulin-like receptor B; LILRB1, leukocyte immunoglobulin-like receptors B1; LSD1, lysine-specific demethylase 1; MAPK, mitogen Protein kinase; MDSCs, myeloid-derived suppressor cells; NOS2, nitric oxide synthase 2; NSCLC, non-small cell lung cancer; PD-1, programmed cell death protein 1; PKC ζ, protein kinase C ζ; PLA2, phospholipase A2; PPAR, peroxisome proliferator-activated receptor; PPP, Pentose Phosphate Pathway; PTPN, phosphatase protein tyrosine phosphatase; ROS, reactive oxygen species; SL, Sphingomyelin; TCA cycle, tricarboxylic acid cycle; tDC, tumor-associated DC; TDO, tryptophan dioxygenase; TIDC, tumor infiltration DC; Tm, memory T cells; TME, tumor microenvironment; TNBC, triple negative breast cancer; Treg, regulatory T cells; Trp, tryptophan; VHL, von Hippel-Lindau.
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The role of mitochondria in cancer formation and progression has been studied extensively, but much remains to be understood about this complex relationship. Mitochondria regulate many processes that are known to be altered in cancer cells, from metabolism to oxidative stress to apoptosis. Here, we review the evolving understanding of the role of mitochondria in cancer cells, and highlight key evidence supporting the role of mitochondria in cancer immune evasion and the effects of mitochondria-targeted antitumor therapy. Also considered is how knowledge of the role of mitochondria in cancer can be used to design and improve cancer therapies, particularly immunotherapy and radiation therapy. We further offer critical insights into the mechanisms by which mitochondria influence tumor immune responses, not only in cancer cells but also in immune cells. Given the central role of mitochondria in the complex interactions between cancer and the immune system, high priority should be placed on developing rational strategies to address mitochondria as potential targets in future preclinical and clinical studies. We believe that targeting mitochondria may provide additional opportunities in the development of novel antitumor therapeutics.
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Introduction

As much of cells’ metabolic signaling takes place in mitochondria, or is regulated by mitochondrial activities, knowledge of mitochondrial function is critical to the discussion of cancer cell metabolism. In the 1920s, Otto Warburg observed that cancer cells have much higher rates of glycolysis than their differentiated cell counterparts (1). He called this phenomenon “aerobic glycolysis,” because cancer cells tend to rely on glycolysis even under normoxic conditions, a condition later called the “Warburg effect.” At the time, Warburg hypothesized that the shift to aerobic glycolysis resulted from dysfunctional mitochondria, and that this metabolic shift was a cause of cancer. However, having functional mitochondria was later found to be essential in several types of cancer, prompting the search for alternative hypotheses. Some studies suggest that eliminating cancer cell mitochondrial DNAs reduces the growth rates and tumorigenicity of those cells (2–4). Perhaps, a more likely explanation for the Warburg effect (i.e., aerobic glycolysis) is that because cancer cells are highly proliferative, their metabolic needs are different from those of differentiated cells, most of which rely on oxidative phosphorylation (OXPHOS) for energy production in the form of adenosine triphosphate (ATP). Aerobic glycolysis is less efficient for producing ATP but is beneficial to rapidly proliferating cells in terms of the formation of other required metabolites such as nucleotides, amino acids, and lipids, that is, biomass precursors (5). Moreover, even though cancer cells have high rates of glucose consumption via glycolysis, a significant proportion of their ATP is still produced via OXPHOS, again suggesting that at least some mitochondrial function is preserved in cancer (6, 7).

In addition to the requirement for functional mitochondria, cancer cells also have other characteristics that can contribute to tumor growth and progression. One example is the production of reactive oxygen species (ROS), which are produced in larger quantities by cancer cells relative to differentiated cells (8). Increased ROS may lead to increases in mutations, particularly in the mitochondrial DNA (mtDNA) owing to the close proximity of mitochondrial ROS and mtDNA and the latter’s limited capacity for DNA “proofreading” (9). These mutations can lead to oncogenic transformation and promote cancer progression. The mitochondrial genome contains mainly genes encoding for electron transport chain proteins, and mutations in these genes can therefore affect electron transport chain signaling pathways. This can then create an endless cycle in which mutated electron transport chain proteins cause increased leakage of electrons and more ROS production, which can lead to more mutations (8). Some evidence has also shown that ROS can themselves act as signaling molecules that promote oncogenic pathways, which may explain why cancer cells display increased ROS production (10). This concept is supported by the observation that knockout of genes involved in mitophagy (a mechanism by which damaged or excess mitochondria are selectively eliminated) increases intracellular ROS generated from damaged mitochondria, leading to oncogenesis (11).

In the sections that follow, we first discuss the biological rationale for mitochondria-targeted antitumor therapy, including the important relevance of mitochondrial characteristics in cancer progression and in how cancer evades the immune response. We then describe several potential mitochondria-focused antitumor therapeutic approaches.



Crosstalk Between Hypoxia-Induced Signaling and Mitochondria

As noted previously, malignant cells rely on functional mitochondria for survival, proliferation, and metastasis. A key characteristic of tumor microenvironments that also affects cellular survival, proliferation, and metastasis is hypoxia and its consequent effects on cellular signaling pathways. Below we provide some examples of how signaling pathways induced by hypoxia regulate energy metabolites and mitochondrial biogenesis.

Aberrant signaling pathways in cancer can allow malignant cells to adapt to the hypoxic environment. The ability to detect and adapt to fluctuations in cellular oxygen levels relies heavily on hypoxia-inducible factor (HIF) and its two components: HIF-1α and HIF-1β [the latter also known as aryl hydrocarbon receptor nuclear translocator (ARNT)]. Only HIF-1α can sense oxygen directly; it is stable under hypoxic conditions (12) but under low-oxygen conditions it upregulates several genes to promote cancer cell survival, as described below.

Under hypoxic conditions, HIF-1α first activates PDK1 (pyruvate dehydrogenase kinase 1) (13). Although the HIF1α-PDK1 axis generally stimulates glycolysis (14), under hypoxic conditions increased glycolysis is needed to produce energy when the low oxygen levels cannot support OXPHOS. Perhaps, not surprisingly, this axis also influences mitochondrial function. PDK1 phosphorylates and inhibits pyruvate dehydrogenase, which results in a shortage of pyruvate to support the tricarboxylic acid (TCA) cycle. This shortage causes a drop in mitochondrial oxygen consumption and leads to a relative increase in intracellular oxygen tension, which promotes cell survival under hypoxic conditions (15). The catalysis of pyruvate to lactate by lactate dehydrogenase A is a key checkpoint in anaerobic glycolysis. Hypoxia induces the expression and activation of lactate dehydrogenase A via HIF-1α in tumor cells (16), which in turn enhances the conversion of pyruvate to lactate and suppresses both the TCA cycle and oxygen consumption. Collectively, these effects lead to the production of metabolites for mitochondrial biogenesis, which is also beneficial for cancer cell survival in hypoxic environments. Given the importance of HIF-1α in regulating mitochondrial function, regulation of the activity of HIF-1α is also critical. Perhaps, the best-known regulator of HIF-1α is prolyl hydroxylase. In hypoxic conditions, the activity of prolyl hydroxylase is decreased, which stabilizes HIF-1α (17) and upregulates PDK1, which in turn inhibits prolyl hydroxylase activity (13). HIF-1α can also be regulated independently of hypoxia by pathways related to growth factors (18) and Ras/Raf/MEK (19).

In addition to HIF-1α, another promising target for antitumor therapy is peroxisome proliferator-activated receptor γ coactivator-1 alpha (PGC-1α). A potent transcriptional coactivator, PGC-1α has been proposed to coactivate HIF1α during hypoxia. PGC-1α is a positive regulator of mitochondrial biogenesis and increases the expression of numerous ROS-detoxifying enzymes, thereby acting as a powerful regulator of ROS removal (20).

Another fundamental stress condition, that of hypoxia-reoxygenation, is also known to impair mitochondrial function. Reoxygenation results in accumulation of ROS, which induces the overexpression of dynamin-related protein 1 (Drp1), a mitochondrial fission-accelerating factor that is regulated by a series of signaling pathways including AMPK (21) and Ras-Raf-ERK (22). Mitochondrial fission is a process by which long, tubular mitochondria are separated into two or more parts, thereby increasing the number of mitochondria. Hypoxia-induced Drp1 overexpression and mitochondrial fission have been linked with increased tumor-cell migration and metastatic activity (23). Mitochondrial fission also requires stabilization of HIF-1α (24). Therefore, identification of crosstalk between HIF-1α and Drp1 could provide novel insights for developing cancer therapies.



The Role of Mitochondria in T-Cell and Macrophage Differentiation and Function

Mitochondria also supply the ATP necessary for the rapid proliferation, differentiation, and effector function of T cells, which are major components of antitumor immunity (25, 26). Each phenotypic stage of T cells has specific metabolic demands and signaling pathways that facilitate their respective functions. For example, naïve T cells are quiescent, relying on OXPHOS to maintain energy demand. However, upon their activation through encounters with T-cell receptors and costimulatory signals, the metabolism of these T cells shifts to glycolysis to support their rapid growth and production of biosynthetic factors for differentiation into effector T cells. Although aerobic glycolysis is less efficient than OXPHOS for yielding ATP, it generates metabolic intermediates that are important for cell growth and proliferation as well as for cytotoxicity and cytokine production. Several mitochondrial energy metabolism pathways have been implicated in shaping T-cell function and differentiation. The central network underlying this reprogramming is the PI3K/AKT/mTOR pathway, which boosts glycolytic activity in T cells via activation of transcription factors such as HIF-1α and Myc (27). On the other hand, regulatory T cells (Treg) and memory T cells rely on OXPHOS and fatty acid oxidation (FAO) to support their survival and differentiation (28). After antigens are cleared, a small fraction of T cells participates in the transition from effector to memory state via enforcing FAO by elevating AMPK activity or by inhibiting mTOR (29). Mitochondrial ROS which function as signaling intermediates are responsible for activating T cells and promoting antigen-specific proliferation (26). A balance in the ROS levels helps T-cell proliferation, activation and apoptosis (30, 31). In light of this, means of modulating ROS levels may be important for prolonging the survival of T cells and improving their antitumor function.

T-cell reprogramming is also associated with changes in mitochondrial structures. In normal cells, activation of mitochondrial respiration leads to increased fusion of the mitochondria, with subsequent expanded cristae space (32). With regard to T cells in particular, naive T cells have fragmented and round mitochondria and use OXPHOS for energy generation. Upon activation via T cell receptors, T cells undergo a metabolic shift to aerobic glycolysis, in which mitochondrial fission increases, leading to increased numbers of mitochondria and loosened cristae (33). This loosening of the cristae stretches out the components of the electron transport chain, leading to less efficient electron transfer, inefficient OXPHOS, and increased aerobic glycolysis, as well as increased ROS generation, which resembles the increase in ROS noted in cancer cells. In the conversion from an effector T cell to a memory T cell, mitochondria become increasingly fused, with tighter cristae, expanded space, and more efficient OXPHOS (33). Memory T cells thus rely more on OXPHOS than on aerobic glycolysis and have a greater mitochondrial respiratory capacity than effector T cells (34). This primes memory T cells for longevity. Although effector T cells seem to rely less on mitochondrial pathways of cellular respiration (relative to memory T cells), mitochondrial integrity is still critical for effector T-cell function. In one model of clear cell renal cell carcinoma, effector T cells were found to be impaired, with small, fragmented mitochondria and abundant ROS; activation of the effector T cells in this model was improved by addition of pyruvate or mitochondrial ROS scavengers, which also served to improve mitochondrial function (35).

Another immune cell worth mentioning, in which mitochondria plays a vital role in cells’ differentiation and activity, is the macrophage. There are two main subtypes of macrophages that each have distinct metabolism phenotypes. The polarization of pro-inflammatory macrophage (M1 subtype), which is activated by lipopolysaccharide (LPS)/IFN-γ, is believed to induce a metabolic shift from OXPHOS to aerobic glycolysis and an increase in ROS production by the mitochondria (36), while the anti-inflammatory macrophage (M2 subtype), which is activated by IL-4, is characterized by an increase in OXPHOS and FAO (37, 38). Based on these characteristic metabolic signatures, a novel anticancer therapy via editing macrophage polarization to pro-inflammatory M1 phenotype by chloroquine, which manipulates their metabolism shift from OXPHOS to glycolysis, inhibited tumor development (39).

On the other hand, similar to in T cells as described earlier, different phenotypes of macrophages display morphological differences in their mitochondria. In a recent study, Yue Lie and colleagues recognized this difference in mitochondrial organization through morphological analysis, which can enable researches to characterize the activation status and therefore the metabolic phenotype of macrophages. They observed that macrophages relying on glycolysis for energy production had increased mitochondrial fission, while macrophages relying on OXPHOS displayed increased mitochondrial fusion, similar to the phenomenon seen in T cells (40).



Metabolic Competition Between T Cells and Tumor Cells in the Tumor Microenvironment

Just as cancer cells need large amounts of glucose to support their rapid proliferation, tumor-infiltrating T lymphocytes (TILs) also need glucose to support their expansion into effector T cells, thereby creating competition between cancer cells and TILs for glucose in the tumor microenvironment. As mentioned before, tumor cells ensure their own growth by reprogramming their preferred mode of energy generation to aerobic glycolysis. In this context, T cells with limited access to glucose switch to OXPHOS, which can be fueled by many nutrients but requires oxygen. As such, TILs demonstrate metabolic insufficiency that is typified by continuous loss of mitochondrial function and mass (41). One study showed that CD8+ TILs adapted to the nutrient- and oxygen-limited tumor microenvironment associated with hypoglycemia and hypoxia by enhancing PPAR-α signaling and FAO in mouse melanoma models (42). Indeed, the enhanced aerobic glycolysis of tumor cells not only depletes crucial nutrients for T cells, which dampens glycolysis, but also stimulates immune suppressive pathways, such as PD1 signaling, that enhance tumor immune evasion. Ultimately, this competition for nutrients leads to T-cell exhaustion and cancer progression.

Collectively, the aberrant metabolic activities of tumor cells lead to impaired proliferation and functioning of TILs that could be responsible for immunosuppression and immune evasion. This concept is indirectly supported by the observation that immune checkpoint blockade (e.g., anti-PDL1) can reduce the glucose consumption of tumor cells by restoring effector T-cell function (43). In addition to PD1/PDL1 and CTLA4, other “metabolic checkpoints” (e.g., mTOR, PGC-1α, IDO1, LDH) have been identified as affecting the competition between cancer and infiltrating immune cells for nutrients and metabolites (44–46). Understanding the metabolic reprogramming of tumor cells and immune cells will provide insights into potential means of regulating tumor immunity (47).



Immune Checkpoint Inhibitors and Mitochondrial Metabolism

Immune checkpoint inhibitors like anti-PD1/PDL1 and anti-CTLA4 help to regulate the expression of immune checkpoint molecules that can be used by cancer cells to evade attacks by the immune system. Previous studies demonstrated that mitochondrial activity, which is critical for T-cell function, can be augmented by blocking PD1 or CTLA4 signaling, which consequently overcomes T-cell exhaustion (44). PD1 has been shown to affect T cells by prompting metabolic reprogramming toward depressed glycolysis and increased FAO, as well as increasing the expression of carnitine palmitoyl transferase 1A (CPT1A), which promotes the FAO of endogenous lipids (48). On the other hand, CTLA4 acts on T cells by inhibiting glycolysis with no augmentation of FAO (49). Thus, T cells that are affected by PD1 are well sustained owing to the amount of energy produced by FAO, whereas CTLA4 results in inhibition of T-cell differentiation, because naive T cells rely on glycolysis to become effector T cells. These distinct effects of CTLA4 and PD1 on the metabolic reprogramming of T cells could account for the divergent consequences of their blockade in reinvigorating exhausted T cells. In addition to restoring T-cell activity, immune checkpoints have also been shown to concomitantly depress tumor-cell metabolism. Specifically, signaling through PDL1 was found to directly upregulate glycolysis in tumor cells through activating the AKT/mTOR pathway (43), leading to enhanced glucose uptake and lactate production and the expansion and survival of these tumor cells. Conversely, a therapeutic inhibitor of PDL1 decreased the glycolysis rate via blocking interactions between PDL1 and the PD1 receptor, restoring glucose levels in tumor cells and limiting tumor progression (50, 51). Other immune checkpoint inhibitors, such as CD47, inhibit the phagocytosis of cancer cells by binding to the signal regulatory protein α (SIRPα) receptor expressed on macrophages and DCs (52, 53). In one study, using anti-CD47 antibodies to inhibit the CD47−SIRPα interaction activated innate immunity by promoting the destruction of cancer cells by macrophages (52). Anti-CD47 would also activate adaptive immunity by enabling the cross-presentation of engulfed antigens, mostly by DCs, leading to antitumor cytotoxic reactions, an effect that can be increased by combinatorial treatments with PD1 antibodies (54). CD47 antagonists currently being tested in clinical trials include Magrolimab (NCT03248479) and TTI 621 (NCT02890368).

Although encouraging antitumor effects have achieved by immune checkpoint inhibitors, many patients with cancer do not respond to, or less sensitive to, these drugs, probably through several mechanisms that suppress antitumor immune effectiveness under unfavorable tumor microenvironmental and metabolic conditions. Novel combinatorial strategies for such patients are therefore needed. For example, Chamoto and colleagues reported in a preclinical study (44) that ROS, by activating both AMPK and mTOR phosphorylation and by augmenting PGC-1α (a downstream target of both AMPK and mTOR known to increase mitochondrial activity), strongly activated mitochondrial function in tumor-reactive T cells and showed synergistic tumoricidal effects with PD1 blockade. They further found that direct activators of mTOR, AMPK, or PGC-1α also synergistically enhanced the antitumor effects of PD1 blockade therapy. These findings provide a proof of concept for a combinational strategy involving mitochondrial activation agents and PD1 inhibitors for patients with disease that is not responsive to PD1 inhibitors. These findings further suggest that markers of mitochondrial activation such as PGC-1α could be useful as biomarkers of the effectiveness of PD1 blockade as antitumor therapy. A direct connection between PGC-1α and PD1 was implied in another study (45) showing that PD1 could suppress both the expression and function of PGC-1α, which may explain why reintroducing PGC-1α can overcome T-cell exhaustion. Other studies have also found that increasing the FAO rate and mitochondrial respiratory capacity through mitochondrial activation by using of bezafibrate, an agonist of PGC-1a/PPAR complexes, are associated with increasing or maintaining the numbers of TILs, which ultimately leads to improved anti-PD1 responses (55). Similarly, in hypoxic and hypoglycemic tumor microenvironments (in which tumor cells and immune cells compete for nutrients), TILs promote FAO as a form of self-preservation. This in turn allows CD8+ TILs to preserve energy and their effector functions. By contrast, PD1 inhibitors slow tumor growth without interfering with the TIL function. Presumably, the synergy of increased FAO and PD1 inhibitors acts to enhance the effectiveness of immunotherapy and delay tumor growth (42).

In summary, mitochondria are strongly affected by PD1 inhibitors. In CD8+ T cells, PD1 inhibition results in metabolic reprogramming of T cells to rely on FAO, which may explain the longevity of PD1-stimulated T cells, akin to memory T cells sustaining survival via FOA. PD1 signaling also drastically affects the function and structure of the mitochondria. Mitochondria undergo many structural changes in response to immune checkpoint molecules, including reductions in both the number and length of mitochondrial cristae after PD1 stimulation (56). This highlights the importance of preserving mitochondrial function and structure in memory T cells.



Targeting Oxidative Phosphorylation

The observation that glycolysis is upregulated in cancer cells relative to normal cells has led many to assume that OXPHOS is globally downregulated in cancers. However, some groups have found that a significant subset of particular cancers, such as MAPK-resistant melanoma (57), SMARCA4 mutant lung cancer (58), RB1-deficient breast cancer (59), OXPHOS-high diffuse large B-cell lymphomas (60), and oncogene-ablation−resistant pancreatic ductal adenocarcinoma (61), have increased OXPHOS, and that this upregulation can occur even in the presence of active glycolysis (62). In the OXPHOS pathway, ATP is generated by the transport of electrons to a series of transmembrane protein complexes, including complexes I, II, III, and IV, in the mitochondrial inner membrane, known as the electron transport chain. When OXPHOS is active, electrons flow through complex I, complex II, Coenzyme Q, complex III, cytochrome C, and complex IV, with oxygen acting as the terminal electron acceptor (62). The assumptions were that elevated tumor oxidative metabolism was associated with increased hypoxia in tumor regions, which forms a barrier to T cell activity, increases T-cell exhaustion, and decreases antitumor immunity; and that the lack of oxygen would cause resistance to antitumor therapy, leading to local recurrence, increased metastasis, and poor clinical outcomes. Thus, OXPHOS inhibition could theoretically reduce oxygen consumption and subsequently decrease tumor hypoxia.

Indeed, several studies have shown that OXPHOS inhibition is effective in targeting cancers in which OXPHOS is upregulated. For example, in one study treating the Ras-driven pancreatic ductal adenocarcinoma with metformin or the complex V inhibitor oligomycin significantly suppressed proliferation of tumor cells in vitro and retarded the growth of PDAC-215 and PDAC-A6L xenografts (61). Another study showed that non-small cell lung cancer with mutations in K-ras and deficient LKB1 are particularly sensitive to the complex I inhibitor phenformin (63). Other evidence supports the use of OXPHOS inhibitors in combination with conventional therapies such as BRAF and EGFR inhibitors, immunotherapy, or radiotherapy to overcome treatment resistance. A preclinical study found enhanced antitumor effects from combining the protein kinase BRAF inhibitor PLX4720 with the OXPHOS inhibitor phenformin in melanoma (64). Because BRAF inhibitors also induce PGC-1α, a regulator of mitochondrial biogenesis that in turn causes OXPHOS upregulation (65), combining BRAF inhibitors and phenformin could have reduced the proliferation of BRAF-mutant melanoma cells and contribute to tumor regression in that study. Similar results were reported in a phase II randomized clinical trial in which the addition of metformin (which also inhibits mitochondrial complex I) to tyrosine kinase inhibitors led to enhanced antitumor effects in epidermal growth factor receptor−mutated non-small cell lung cancer (66). Further, reliance on oxidative metabolism (as opposed to glycolysis) in tumor cells has been linked with anti-PD1 resistance (67). Indeed, that study showed that having tumor cells with high oxidative metabolism predicted poor response to anti-PD1 therapy in patients with melanoma, whereas having high glycolytic metabolism did not. Collectively, these findings suggest that OXPHOS inhibitors could be used to target cancer subtypes in which OXPHOS is upregulated and would alleviate antitumor resistance when combined with other therapies for at least some subset of tumors. Given the promising treatment efficacy of OXPHOS inhibitors, the phase 1 clinical trials of a novel OXPHOS inhibitor (IACS-010759) in leukemia (NCT02882321) and metastatic solid tumors (NCT03291938) are ongoing.



CAR-T Cell Therapy

Another form of immunotherapy garnering significant attention is chimeric antigen receptor (CAR) T cell therapy, which involves isolating T cells from patients, engineering those cells to express different antigen-receptor molecules, and re-infusing them into patients for cancer therapy. Although CAR-T cell therapy can be quite effective against liquid tumors, its applicability to solid tumors is still under investigation. Several potential reasons for the limited effectiveness of this potentially curative therapy include the suppressive tumor microenvironment; the poor persistence of TILs after their adoptive transfer, prompting some to conclude that promoting immunologic memory in TILs may enhance antitumor immunity and the curative potential of CAR-T cell therapy for advanced cancer; and the metabolic fitness and mitochondrial functionality of these CAR-T cells.

Several studies have shown that the activity, survival, and persistence of a CAR-T cell are dictated by its transduced costimulatory domains. For example, CAR-T cells with CD28 signaling evoke enhanced glycolysis, whereas inclusion of 4-1BB in the engineered vector evokes enhanced OXPHOS and mitochondrial biogenesis (68). Signaling via 4-1BB also provides metabolic support to T cells by upregulating PGC1α-dependent pathways (69). Therefore, CAR-T cells with 4-1BB signaling components may evoke stronger immunotherapeutic responses that are accompanied by robust T-cell activation and increased oxidative activity. Moreover, CD28 stimulation has been shown to favor the establishment of effector memory T cells, which are particularly effective against peripheral infections owing to their cytotoxicity and location in tissues. On the other hand, 4-1BB stimulation seems to tip the balance toward long-lasting central memory T cells, which, because of their high proliferation and centralized location in lymph nodes, are more effective against systemic infections and tumor recurrence (68). The addition of cytokine-related domains to CAR-T cell constructs may be beneficial, but the nature and the function of the cytokines should be carefully considered in terms of their short-term and long-term effects. For example, interleukin (IL)-2 induces glycolysis for the initial rapid expansion of CD8+ T cells (70), whereas IL-7 and IL-15 are important in the long-term maintenance of memory T cells and increased mitochondrial biogenesis (71).

Attempts have been made to improve the effectiveness of CAR-T cell therapy by increasing the mitochondrial mass of CAR-T cells, which would drive them to produce energy under stressful conditions (72). Indeed, CAR-T cells with condensed mitochondria (which often occurs during the conversion from an effector T cell to a memory T cell) showed greater expansion capacity ex vivo. Boosting mitochondrial biogenesis in immune-resistant chronic lymphocytic leukemia-derived CD8+ T cells also led to significant improvement in the effectiveness of these cells (73). A mouse melanoma model reported that CD8+ TILs, under conditions of limited glucose and hypoxia, showed reduced glycolysis but enhanced FAO and that further promoting FAO enhanced the ability of CD8+ TILs to attenuate tumor progression (42). Therefore, inducing FAO in CAR-T cells could be an alternative approach to inhibit tumor progression. Another approach may involve inhibiting Akt, a protein kinase that slightly alters the glycolysis of T cells but significantly increases FAO metabolites and improves the persistence of adoptively transferred CD8+ T cells (74). Akt signaling has been shown to negatively affect mitochondrial function in TILs and to reduce PGC-1α levels. In contrast, forced expression of PGC-1α, which enhances mitochondrial biogenesis, restored the effector function of TILs despite the suppressive tumor microenvironment (41). The same concept may be useful for restoring energy and overcoming exhaustion in tumor-infiltrating CAR-T cells.



Radiation Therapy

Radiation therapy is a critical component of many cancer treatments and understanding how mitochondria are affected by radiation is crucial for optimizing treatment and subsequent quality of life for cancer patients. Ionizing radiation is known to alter mitochondrial function, increase mitochondrial oxidative stress, and induce apoptosis, which collectively would be beneficial for killing tumor cells but is unwanted in healthy tissues (75, 76). Clinically, the main cause of radiotherapy failure is the development of cellular radioresistance, which can be conferred by various mechanisms including chances in glycolysis or mitochondrial metabolism (77); indeed, targeting those mechanisms has been shown to improve radiotherapy responses (3, 78, 79).

The mitochondrial genome is more prone to oxidative damage from ionizing radiation than is nuclear DNA because of its lack of protective histones and resultant limited repair ability (80). One group found that irradiation led to increased amounts of mtDNA that stayed elevated for up 6 months in some organs (81). Others have found that radiation increased levels of the mitochondrial biogenesis regulator PGC-1α (82), leading to further increases in mitochondrial mass and overall function (51). One study of tissue samples from patients with clear cell carcinoma linked higher mitochondrial mass with reduced tumor aggressiveness (83). Presumably, an increase in mitochondrial content could lead to subsequent strains on resources in highly proliferative cancer cells (81, 84, 85). In addition to causing increases mtDNA and PGC-1α, radiation can also inhibit mitochondrial respiration. For instance, in one preclinical study, irradiating cells led to partial deactivation of mitochondrial complexes I (32%) and III (11%), decreased succinate-driven respiratory capacity (13%), and increased ROS levels (86).

As noted earlier, tumor cells rely on glycolysis to produce energy (ATP). The hypoxic tumor microenvironment enhances radioresistance, which reduces the effectiveness of radiation therapy. Attempts to oxygenate tumors have not been successful clinically thus far. However, decreasing the tumor demand for oxygen by inhibiting mitochondrial respiration (i.e., OXPHOS) and elevating intracellular mitochondrial oxidative stress can enhance radiosensitivity (87, 88). Another potential therapeutic approach considering mitochondrial function is the combination use of an OXPHOS inhibitor and radiotherapy to overcome PD-1 resistance. Our preclinical study has demonstrated an effective combination treatment of radiation therapy (8Gy × 3 fractions) and a novel OXPHOS inhibitor (IACS-010759) in a PD-1 resistant NSCLC model (89). The combination of an OXPHOS inhibitor not only decreased tumor burden of the primary tumor (radiation-targeted tumor), but also reduced the secondary tumor (non-radiation-targeted tumor) compared to radiotherapy alone. The mechanism exploration of in vivo and in vitro studies found that radiation could induce the PD1-resistant tumor to switch from glycolysis to OXPHOS and increase immunosuppressive regulatory T cells. The addition of an OXPHOS inhibitor decreased radiation-induced regulatory T cells and increased activated CD8+ T cells.

Antioxidants, as their name implies, inhibit oxidation and thus act to prevent mtDNA damage and increase cellular resistance to oxidative stress. The primary mitochondrial antioxidant enzyme, manganese superoxide dismutase (MnSOD), has been linked with resistance and sensitivity to radiation. In one series of experiments involving human pancreatic cancer cells, overexpression of MnSOD was associated with radioresistance, and suppression of MnSOD protein levels sensitized the cells to radiation-induced cell death (90). Changes in AKT signaling (a kinase involved in proliferation and metabolism) can also confer radioresistance through prolonged exposure to radiation by activating two DNA repair pathways, non-homologous end-joining and homologous recombination (91). A recent review proposed that the electron transport chain complexes and ATP synthase respond to ionizing radiation (82). When an imbalance in the activity of electron transport chain complex/OXPHOS occurs, it can cause elevated superoxide production. However, mitochondria can respond to the radiation by increasing the mtDNA copy number. Therefore, there needs to be a delicate regulation in order to include its tumor suppressor function in cancer treatment.

Mitochondrial dysfunction has key roles in oxidative stress via increased ROS production, which causes mitochondrial membrane depolarization and triggers intrinsic apoptosis pathways. In one study, the Apo2/tumor necrosis factor-related apoptosis-inducing ligand TRAIL was found to specifically induce depolarization in a ROS-dependent manner in cancer cells (92). Treatments that increase mitochondrial membrane depolarization have had pro-apoptotic effects on rat pancreatic tumor cells (93). Mitochondrial permeability is regulated by permeability transition core complexes; these core complexes can be triggered by agents that increase cytosolic Ca2+ concentrations or stimulate ROS generation (94, 95), which can allow the entry of molecules that can lead to the swelling and rupture of the inner mitochondrial membrane, resulting in the release of cell death factors. One group found that irradiation led to decreases in the activity of mitochondrial cell-membrane Na+-K+ and Ca2+/Mg2+ ATPase and ATP content. These decreases in turn led to apoptosis via the intrinsic cell death pathway (96). Triggering of ROS generation can also promote sensitivity to radiation by stimulating the generation of ceramide, an important pro-apoptotic mediator that increases cytochrome c release and suppresses anti-apoptotic gene activity. Radiation-induced damage to DNA triggers the activation of mitochondrial ceramide synthase, leading to more ceramide generation and tumor cell death (97). This observation has led some to propose that a mitochondria-targeted nanoradiosensitizer could induce mitochondrial dysfunction by enabling the localized accumulation and continuous production of ROS. Several groups have explored the use of such sensitizers to activate ROS bursts and enhance radiosensitivity (98–100). In one such study, combining photon radiation with a nanosensitizer based on titanium dioxide-gold nanoparticles bearing the mitochondrial-targeting compound triphenylphosphine led to selective overproduction of ROS in the mitochondria, mitochondrial collapse, and irreversible apoptosis, which not only enhanced the antitumor effectiveness of the radiation but also led to less damage to nearby normal tissues (98).



Conclusions

Mitochondria are essential organelles with several important roles in addition to generating ATP through OXPHOS. Here, we explored the complex interactions among the tumor microenvironment, mitochondrial metabolism and biogenesis, and the immune system, with the aim of applying the knowledge gained to the development of new anticancer therapeutic approaches (Figure 1). One example of such therapy could involve combining metabolic therapies with immune checkpoint therapies. Such combinations could potentially increase T-cell survival and the generation of memory cells by improving energy metabolism and decreasing lymphocyte mitochondrial dysfunction and ROS generation, while at the same time controlling tumor growth by reducing the total amount of energy available in the tumor microenvironment. Another approach being tested targets OXPHOS with metformin and tyrosine kinase inhibitors, which in one study was found to extend progression-free survival among patients with non-small cell lung cancer, suggesting that targeting metabolic pathways can work synergistically with other therapies without increasing adverse events. Cellular therapy, particularly for solid tumors, may prove useful for promoting mitochondrial biogenesis and OXPHOS through the ex vivo mtDNA editing of CAR-T cells, which presumably would overcome the progressive loss of mitochondrial mass and PCG-1α expression characteristic of natural, un-engineered TILs. Combinations of nanoradiosensitizers and single-beam proton radiation therapy could be used to exploit mitochondrial dysfunction and create ROS “bursts” that lead to apoptotic cascades in tumors with little damage to the surrounding tissue. Future preclinical and clinical studies that address mitochondria as potential targets should be prioritized given the central role held by mitochondria in the complex interactions between cancer and the immune system.




Figure 1 | Mitochondria-targeted Therapies. (A) Checkpoint Inhibitors. Mitochondrial activity is strongly affected by both immune checkpoints and metabolism checkpoints. Either alone or the combination of immune checkpoint inhibitors such as PD1/PDL1 and CTLA-4 inhibitors and metabolism checkpoint inhibitors such as bezafibrate (an agonist of PGC-1α/PPAR complexes) and agents target PI3K-AKT-mTOR-PGC1α pathway could enhance glycolysis and/or FAO, and proliferation in tumor-reactive T cells, or reduce glycolysis and proliferation in tumor cells. (B) OXPHOS inhibitors. Cancer cells with elevated OXPHOS metabolism was associated with increased hypoxia in tumor regions, which forms a barrier to T cell activity, increases T-cell exhaustion and decreases antitumor immunity. OXPHOS inhibitors that target the transport of electrons (complexes I, II, III, IV, and V) would alleviate antitumor resistance in process of antitumor treatment in those cancers. (C) CAR-T. The activity, survival, and persistence of a CAR-T cell are dictated by its transduced costimulatory domains. CAR-T cells with 4-1BB, IL17, and IL15 in the engineered vector evokes enhanced mitochondrial biogenesis and OXPHOS, with central memory T cells and long-term effect, whereas inclusion of CD28 and IL2 signaling evoke decreased mitochondrial biogenesis, enhanced glycolysis and favor the establishment of effector memory T cells with a short-term effect. (D) Radiation Therapy. Irradiation led to increased amounts of mtDNA and mitochondrial biogenesis. It can also inhibit mitochondrial respiration. The primary mitochondrial antioxidant enzyme, MnSOD, has been linked with radioresistance. Thus, suppression of MnSOD sensitized the cells to radiation-induced cell death. Mitochondrial dysfunction has key roles in oxidative stress via increased ROS production, which causes mitochondrial membrane depolarization and triggers intrinsic apoptosis pathways. Treatments that increase mitochondrial membrane depolarization have had pro-apoptotic effects. Mitochondrial permeability is regulated by permeability transition core complexes, which can be triggered by agents that increase cytosolic Ca2+ concentrations or stimulate ROS generation, resulting in cell death. Irradiation led to decreases in the activity of mitochondrial cell-membrane Na+-K+ and Ca2+/Mg2+ ATPase and ATP content, which in turn led to apoptosis via the intrinsic cell death pathway. Triggering of ROS generation can also promote sensitivity to radiation by stimulating the generation of ceramide, an important pro-apoptotic mediator that increases cytochrome c release and suppresses anti-apoptotic gene activity. OXPHOS, oxidative phosphorylation; CAR-T, chimeric antigen receptor T cell therapy; MnSOD, manganese superoxide dismutase; ROS, reactive oxygen species; mtDNA, mitochondrial DNA.
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Background and Aims

Pyruvate kinase M2 (PKM2) is an essential regulator of the Warburg effect, but its biological function promoting immune escape of hepatocellular carcinoma (HCC) is unclear.



Methods

GEPIA web tool and immunohistochemistry (IHC) analysis were employed to evaluate the clinical relevance of PKM2 in HCC patients. Both in vitro CCK-8, colony formation, and transwell assays, and in vivo xenografts were performed to evaluate the malignancy of HCC cells. PKM2 and PD-L1 levels were examined by Western blot, qRT-PCR, and IHC. The role of PKM2 on in vivo immune response was also investigated.



Results

PKM2 was significantly upregulated in HCC and associated with a poor prognosis of HCC patients. Knockdown of PKM2 inhibited in vitro proliferation, migration, and invasion of HCC cells, as well as in vivo tumor growth. Strikingly, PKM2 showed a strong correlation with the expression of immune inhibitory cytokines and lymphocyte infiltration in HCC. The overexpression of PKM2 sensitized HCC to immune checkpoint blockade, which enhanced IFN-γ positive CD8 T cells in HCC mice models.



Conclusion

PKM2 might be a predictor and a potential therapeutic target for immune checkpoint inhibitors in HCC.
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Introduction

As one of the most common human malignancies, hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related deaths worldwide (1). Despite the increasing global incidence and status, there has been a dearth of treatment options for advanced HCC. In addition to some multikinase inhibitors such as Lenvatinib and Sorafenib have been proved to be standard treatment, recently, PD-1/PD-L1 blockade therapy have achieved remarkable success. However, their efficacy is limited with less than 20% of patients who would benefit from them (2, 3). Therefore, it is urgent to identify useful biomarkers to select the suitable patients for these therapies.

Previously, our study has shown that glucose metabolic shift influences the HCC progression (4). Cancer cells exhibit aberrant metabolism characterized by shifting energy production from oxidative phosphorylation to glycolysis, known as the “Warburg effect” or “aerobic glycolysis” (5–7). The enhanced glycolysis results in lactic acid accumulation in tumor microenvironment, which helps tumor cells to invade the host’s immunosurveillance and enhances tumor survival (8–11). The relation between immunosurveillance and metabolic reprogramming has been verified. Previous studies found that IL-22, produced by immune cells including T cells and NK cells, could promote oxidative phosphorylation and glycolysis and drive metabolic adaptive reprogramming (12). Pyruvate kinase M2 (PKM2) is considered as an essential regulator of this effect associated with cancer (13). Besides, PKM2 is critical in promoting cancer progression (13, 14). It have been found to phosphorylate essential proteins related to cancer progression and metabolism including Bub3 (15), STAT3 (16), histone H3 (17), and SREB1a (18). It also demonstrated that PKM2 can regulate HIF-1α activity, resulting in the regulate gene expression via enhancing its ability to bind to the hypoxia-responsive elements (HREs) (19). Accumulative studies have shown that PKM2 is overexpressed in various cancers including HCC, and targeting PKM2 increases the therapeutic effect of cancer (20–23).

Tumor cells escape from immunosurveillance in a variety of ways (24). PD-L1/PD-1-induced T cell exhaustion is one of the main causes of immune evasion (24–26). Among the variant kinds of cancer immunotherapies, PD-L1/PD-1 blockade therapy has represented the backbone of improving the objective response and survive of patients with cancer (27, 28), including HCC (29, 30). Accumulative studies show that PD-L1 expression has been widely adopted as a predictive biomarker for PD-L1/PD-1 blockade therapy (25, 31). Thus, understanding PD-L1 intrinsic regulatory mechanisms is of great importance for immune checkpoint blockade therapy. It has been reported that PD-L1 expression was driven constitutively by aberrant signaling pathways or chromosomal alterations, including the interferon receptor adapter JAK2 (32, 33), PTEN deletions or PI3K/AKT mutations (34), MYC overexpression (35), CDK5 disruption (36), or increase in PD-L1 transcripts stabilized by truncation of the 3’-untranslated region (UTR) (37). Moreover, PD-L1 up-regulation under hypoxia depended on HIF-1α, and this has been reported to be related with PKM2 as a nuclear-transcription factor (38, 39).

In the present study, we aimed to explore the role of PKM2 in the immune escape of HCC cells, and its potential application in immune therapy of HCC.



Materials and Methods


Cells and Animals

HEK 293T cells, human HCC cell lines (HepG2, Hep3B, PLC/RCF/5, and Huh7) and mouse HCC cell line (Hepa1-6) were purchased from the Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai China). Human HCC cell lines MHCC97-L, MHCC97-H, and HCC-LM3 were obtained from the Liver Cancer Institute at Fudan University (Shanghai, China) as previously described (40, 41). These cell lines were cultured in Dulbecco’s modified Eagle’s Medium (DMEM) (Hyclone) supplemented with 10% fetal bovine serum (FBS) (Gibco). All cell lines were routinely maintained at 37.0°C in a humidified incubator with 5% CO2.

All male mice (C57BL/6, BALB/c nu/nu) were purchased from Shanghai Slac Laboratory Animal Co. and maintained on standard rodent chow and water ad libitum. Prior to any surgical procedures, all mice were given intraperitoneal (i.p.) injection of Pentobarbital Sodium (40 mg/kg; Sigma Aldrich, St.Louis, MO, USA) and conducted in the SPF laboratory. All procedures involving animals were approved by The Animal Care and Use Committee of Fudan University (Shanghai, China).



Establishment of HCC Subcutaneous Xenograft Models in Nude Mice

Four human HCC cells including Sh-control MHCC97-H, Sh-PKM2 MHCC97-H, OE-vector Huh7 and OE-PKM2 Huh7 (2 × 106/100 μl in 50% Matrigel and PBS per mice) were injected into the right flank of nude mice (5 mice/group) to establish the subcutaneous implantation models. The tumor growth was monitored once per week until the mice were sacrificed. Tumor volume was calculated by the formula: a × b2/2 (a and b represent the largest and smallest tumor diameters respectively). The tumors were collected for RNA preparation, fixed in 4% formalin, and then embedded in paraffin. Consecutive sections of tumor tissues were applied by immunohistochemistry (IHC) staining.

Four mouse HCC cells including Sh-control Hepa1-6, Sh-PKM2 Hepa1-6, OE-control Hepa1-6, and OE-PKM2 Hepa1-6 (1 × 106/100 μl in 50% Matrigel and PBS per mice) were injected into the right flank of C57BL/6 mice (5 mice/group). All the tumors were collected, and the tumor weight was measured.




Results


PKM2 Is Up-Regulated in HCC and Associated With Poor Prognosis in HCC Patients

To investigate the role of PKM2 in malignant progression of HCC, we used GEPIA web tool to analyze PKM2 mRNA expression in HCC and nontumor liver tissues. The results showed that the mRNA levels of PKM2 in HCC tissues were significantly higher than that in paraneoplastic tissues (Figure 1A). In addition, the correlation analysis showed a significant correlation between the expression of PKM2 and the pathological stage (P = 5.91e−05) (Figure 1B). PKM2 expression was significantly higher in advanced stages of HCCs than that in early ones. The survival curves showed that a higher PKM2 level was significantly associated with poor prognosis of HCC patients (Figure 1C).




Figure 1 | PKM2 is upregulated in HCC and associated with poor prognosis in HCC patients. (A) The GEPIA database revealed that PKM2 expression was significantly upregulated in HCC patients. The boxplot analysis showed log2 (TPM+1) on a log-scale. (B) Correlation between the expression level of PKM2 and the pathological stage of HCC patients (GEPIA). (C) The overall survival (OS) of the patients with HCC was computed with the GEPIA web tool. (D) Representative images of IHC staining of PKM2 in HCC tissue microarrays. Scale bar: 100 µm. (E, F) Survival curves of OS (E) and disease-free survival (DFS) (F) in HCC patients with differential PKM2 expression level calculated by Kaplan-Meier analysis and compared with the Log-rank test.



We further evaluated the relationship between the protein level of PKM2 and clinicopathological features of HCC patients (Supplementary Table 1). PKM2 expression was found in significant correlation with HCC tumor size (P = 0.013) and tumor grade (P = 0.035) rather than the other clinicopathological features including gender, age, HBV status, liver cirrhosis, AFP, ALT, tumor numbers, tumor capsule, and BCLC stage (Supplementary Table 2). Survival analysis showed that patients with high PKM2 expression had shorter overall survival (OS) and disease-free survival (DFS) time (log rank P = 0.0153 and 0.0051, respectively; Figures 1D–F).



PKM2 Promotes HCC Progression

To demonstrate the specific role of PKM2 in HCC cells, we detected expression of PKM2 in HCC cell lines including HepG2, Hep3B, PLC/RCF/5 (PLC), Huh7, MHCC97-L, MHCC97-H and HCC-LM3 (Supplementary Figure 1A). The results indicated that PKM2 was more highly expressed in HCC cell lines with high metastasis potential including MHCC97-H and HCC-LM3 compared with the others including HepG2, Hep3B, PLC, and Huh7. Then, Knockdown of PKM2 with specific lentiviral short hairpin RNA (Sh-PKM2) (Supplementary Figures 2A, B) or PKM2 inhibitor significantly impeded the cell proliferation of MHCC97-H cells with high intrinsic PKM2 overexpression (Figure 2A). Likewise, the numbers of clone formation (Figure 2B), as well as the migration and invasion capacities (Figure 2C) were notably decreased in MHCC97-H cells with Sh-PKM2 or treated with PKM2 inhibitor. On the other hand, up-regulation of PKM2 by transfection of expression plasmid of PKM2 (OE-PKM2 Huh7 cells) (Supplementary Figures 2C, D) significantly enhanced proliferation, migration and invasion capacities of Huh7 cells, which have a low intrinsic PKM2 level (Figures 2D–F). These indicate that PKM2 plays important roles in promoting in vitro proliferation and invasion of HCC cells.




Figure 2 | PKM2 promotes cell proliferation, invasion and migration of HCC cells in vitro. (A) Cell proliferations of MHCC97-H cells with Sh-control and Sh-PKM2 were assessed by CCK-8 assays. (B) Images (left panel) and quantified analysis (right panel) of clone formation assays in MHCC97-H cells with Sh-control, Sh-PKM2 and PKM2 inhibitor. (C) Representative images (left panel) and quantified analysis (right 2 panels) of transwell assays in MHCC97-H cells with Sh-control, Sh-PKM2, and PKM2 inhibitor. (D) Cell proliferations of OE-vector and OE-PKM2 were assessed by CCK-8 assays in Huh7 cells. (E) Images (left panel) and quantified analysis (right panel) of clone formation assays in Huh7 cells with OE-vector and OE-PKM2. (F) Representative images (left panel) and quantified analysis (right 2 panels) of transwell assays in Huh7 cells with OE-vector and OE-PKM2. n = 5, mean ± SEM, ***P < 0.001, **P < 0.01, *P < 0.05. Sh, short hairpin; Scr, Sh-control; EV, Overexpression vector; OE, Overexpression; OD, absorbance degrees.



To validate the role of PKM2 in vivo, we established subcutaneous xenograft models using various HCC cells. Knockdown of PKM2 significantly inhibited the tumor growth of MHCC97-H cells, and the tumors of Sh-PKM2 group were significantly smaller than that of the Sh-controls (Figures 3A–C). On the other hand, overexpression PKM2 significantly promoted the tumor growth of Huh7 cells, and the tumors in the OE-PKM2 group were significantly larger than the controls (Figures 3D–F). In addition, IHC staining of PKM2 and Ki67 in xenografts tumors showed that knockdown of PKM2 inhibited proliferation of MHCC97-H tumors, while overexpression of PKM2 promoted the proliferation of Huh7 tumors in vivo (Figure 3G). These provide further evidence that PKM2 promotes tumor growth and metastasis of HCCs.




Figure 3 | PKM2 promotes HCC proliferation in vivo. (A–C) The final representative images (A), tumor growth (B) and tumor weight (C) of xenograft tumors from MHCC97-H with Sh-control and Sh-PKM2. (D–F) The final representative images (D), tumor growth (E), and tumor weight (F) of xenograft tumors from Huh7 with OE-vector and OE-PKM2. (G) The representative imagines and quantitative analysis of IHC staining of PKM2 and Ki67 in Sh-PKM2 MHCC97-H xenograft tumors and OE-PKM2 Huh7 xenograft tumors. Upper panel: representative imagines. Lower panel: quantitative analysis. Scale bar: 100 µm. n = 5, mean ± SEM, ***P < 0.001, **P < 0.01.





PKM2 Modulates Glucose Metabolic Reprogramming in HCC

To investigate the mechanism of PKM2 regulating HCC malignancy potential, we performed Gene Set Enrichment Analysis (GSEA) from TCGA data. Compared with the PKM2 low expression group, the leading enriched signatures in PKM2 high expression group included gene sets involved in cell cycle (Figure 4A), G2/M checkpoint (Figure 4B), and glycolysis-gluconeogenesis (Figure 4C). To verify the metabolic shift induced by PKM2 alteration in HCC, we used qRT-PCR to detect the expression of metabolic enzymes in glucose metabolism. The representative enzymes involved in aerobic glycolysis were significantly reduced in Sh-PKM2 MHCC 97-H cells (Figure 4D) and their subcutaneous xenograft tumors (Supplementary Figure 3A), while the expression levels of key metabolic enzymes were significantly increased in OE-PKM2 Huh7 cells (Figure 4E) and their subcutaneous xenograft tumors (Supplementary Figure 3B). Moreover, knockdown of PKM2 effectively inhibited lactate production of MHCC97-H cells and overexpression of PKM2 enhanced lactate production in Huh7 cells (Figure 4F). These indicate that PKM2 promotes the progression of HCC via regulating glucose metabolism.




Figure 4 | PKM2 regulates cell cycle and metabolic reprogramming of HCC cells. (A–C) GSEA analysis of TCGA data showing the enriched hallmark signatures involved in Cell Cycle (A), G2M checkpoint (B) and Glycolysis-Gluconeogenesis (C) in HCC with high PKM2 expression. (D, E) Aerobic glycolysis-related enzymes detected using qRT-PCR in sh-PKM2 MHCC97-H cells (D) and OE-PKM2 Huh7 cells (E). (F) Relative lactate production in Sh-PKM2 MHCC97-H cells and OE-PKM2 Huh7 cells. n = 5, mean ± SEM, ***P < 0.001, **P < 0.01, *P < 0.05.





PKM2 Remodels Tumor Immune Microenvironment in HCCs

To explore the role of PKM2 in immune response of HCC microenvironment, we analyzed the lymphocyte infiltration and expression of immune inhibitory genes in TCGA database using GSEA. The most significantly enriched signatures were gene sets involved in lymphocyte migration (Figure 5A), lymphocyte mediated immunity (Figure 5B) and T cell migration (Figure 5C) in PKM2-high group compared with the PKM2-low ones. Then we used the GEPIA web tool to analyze the correlation between PKM2 level and CD45, CD4, or CD8. The results indicated that PKM2 expression was in distinctive correlation with CD45, CD4, and CD8 expression in HCC specimens (Figures 5D–F). We further conducted KEGG enrichment analysis to figure out the differential immune-related genes between the HCCs with different PKM2 levels. The tumors with high PKM2 were found to have higher levels of inflammatory factors, such as TNF and IL-6, and chemokines including CXCL1 and CSF1, as well as the immune inhibitory factors, such as CD274 (PD-L1), CTLA4, and LAG3 (Figure 5G). In addition, increased CD8 T cells, Treg cells, and M2 macrophages but decreased M1 macrophages were found in HCCs with high PKM2 (Figure 5H). These indicate that the high PKM2 expression induces an inflammatory milieu and creates an immunosuppressive microenvironment to support HCC progression.




Figure 5 | PKM2 expression is in distinct correlation with lymphocyte infiltration and immune inhibitory molecular related gene expression in HCC samples. (A–C) GSEA analysis of TCGA data showing the significantly enriched hallmark signatures involved in lymphocyte migration (A), lymphocyte mediated immunity (B), and T cell migration (C) in HCC with high PKM2 expression. (D–F) The correlations between the mRNA expression levels of PKM2 and CD45 (D), CD4 (E), and CD8 (F) in HCC samples determined by the GEPIA web tool. (G) Immune related gene expression in human HCC samples with high and low expression of PKM2. (H) Various immune cell scores of HCC samples in high and low PKM2 expression.





PKM2 Is Positively Correlated With PD-L1 in HCC Patients

We further used GEPIA to analyze the correlation between PKM2 and PD-L1 expression levels, and found a close correlation between them in HCCs (Figure 6A). This correlation was further validated in protein level in HCC cell lines including HepG2, Hep3B, PLC, Huh7, MHCC97-L, MHCC97-H, and HCC-LM3 detected by Western blot (Figure 6B and Supplementary Figure 1A) and HCC specimens using IHC on the TMA (Figure 6C). The association of PD-L1 expression with clinicopathological parameters was summarized in Supplementary Table 3. PD-L1 expression was associated with tumor size (P = 0.026) and tumor number (P = 0.08), rather than the other clinicopathological features. Pearson product-moment correlation analysis showed a significantly positive correlation between PD-L1 and PKM2 (Figure 6D, r = 0.30, P = 0.0049).




Figure 6 | PKM2 promote the immune escape of HCC via PD-L1 upregulation. (A) The correlation between the expression of PKM2 and PD-L1 in human HCC samples using the GEPIA web tool. (B) The correlation between PD-L1 and PKM2 expression in human HCC cell lines. Pearson product-moment correlation coefficients and the P values are shown. (C) Representative IHC staining of HCC tumors for PKM2 and PD-L1. Scale bar: 100 µm. (D) The correlation between the PD-L1 and PKM2 expression in tumor tissues of the HCC patients (n = 87). Pearson product-moment correlation coefficients and the P values are shown. (E) Flow cytometric analysis and quantitative analysis of PD-L1 expression in Sh-PKM2 Hepa1-6 cells. Left panel: Representative image of flow cytometric analysis. Right panel: Quantitative analysis of flow cytometric analysis. (F) Flow cytometric analysis and quantitative analysis of PD-L1 expression in OE-PKM2 Hepa1-6 cells. Left panel: Representative image of flow cytometric analysis. Right panel: Quantitative analysis of flow cytometric analysis. (G) Representative images (left panel) and statistical analysis (right panel) of T cell cytotoxicity assays. n = 5, mean ± SEM, ***P < 0.001.



To further determine this correlation, we detected the PD-L1 level in HCC cells after PKM2 expression were modulated. Both the mRNA and protein levels of PD-L1 were significantly decreased when PKM2 was knocked down by Sh-PKM2 in MHCC97-H cells (Supplementary Figure 4A) but significantly increased in OE-PKM2 Huh7 cells (Supplementary Figure 4B). Similar alterations were observed in Hepa1-6 cells (Supplementary Figure 3C, D), as well as in the xenograft tumors of Sh-PKM2 MhCC97-H and OE-PKM2 Huh7 cells (Supplementary Figure 4B). Flow cytometric (FCM) analysis validated the decreasing expression of PD-L1 in MHCC97-H cells and Hepa1-6 cells after PKM2 knockdown or PKM2 inhibitor treatment, whereas overexpression of PKM2 increased PD-L1 expression in Huh7 and Hepa1-6 cells (Figures 6E, F and Supplementary Figures 6A, B). Moreover, Sh-PKM2 transfected Hepa1-6 cells were more sensitive to cytotoxicity mediated by CD8 T cell than the control Hepa1-6 cells, whereas OE-PKM2 Hepa1-6 cells were more resistant to CD8 T cell mediated cytotoxicity than the controls (Figure 6G). These results indicate that PKM2 is closely correlated to PD-L1 expression and immune escape in HCCs and may serve as a biomarker for the response to PD-L1 antibody treatment.



Overexpression of PKM2 Enhances the Therapeutic Response of HCC to PD-L1 Blockade

In addition to PKM2 as a biomarker for PD-L1 blockade therapy, we further explored the effect of PKM2 level on the response of PD-L1 blockade. We treated the syngeneic C57BL/6 mice bearing with Sh-PKM2 Hepa1-6 cells or the Sh-control cells with a murine anti-PD-L1 antibody (aPD-L1) at first. Either PKM2 knockdown or aPD-L1 therapy could significantly inhibit in vivo tumor growth compared with the controls (Figures 7A–C). Besides, we treated OE-PKM2 Hepa1-6 and the OE-vector Hepa1-6 bearing mice with aPD-L1 to elucidate the PKM2 overexpression on the response to PD-L1 blockade. OE-PKM2 was found to significantly enhance the inhibitory effect of aPD-L1, although aPD-L1 alone also suppressed the tumor growth in subcutaneous implantation models (Figures 7D–F). The increase of IFN-γ secretion induced by aPD-L1 therapy was also much more significantly in the mice from OE-PKM2 group than the OE-vector group (Figure 7G). Taken together, these results indicate that PKM2 promotes PD-L1 expression and enhances the response of HCC to PD-L1 blockade therapy.




Figure 7 | PKM2 sensitizes Hepa1-6 tumors to anti-PD-L1 antibody. (A–C) The final representative images (A), tumor growth (B) and tumor mass (C) of xenograft Hepa1-6 tumors from Sh-control, Sh-PKM2 and Scr-aPD-L1 groups. (D and E) The final representative images (D), tumor growth (E) and tumor mass (F) of xenograft Hepa1-6 tumors from OE-vector, OE-PKM2, EV-aPD-L1, and OE-PKM2-PD-L1 group. (G) Flow cytometric analysis (left panel) and statistical analysis (right panel) of IFN-γ secretion of CD8 T cells from each group. n = 5, mean ± SEM, ***P < 0.001, **P < 0.01, *P < 0.05.






Discussion

HCC is the fourth leading cause of cancer related deaths worldwide, but currently there are no effective targeted therapies for the intermediate and advanced HCC (1, 42, 43). In addition to the traditional antiangiogenic tyrosine kinase inhibitors, anti-PD-L1 and anti-PD-1 monoclonal antibodies as well as combined therapies (30, 44) have shown promising antitumor effects, but only a fraction of treated patients achieves durable responses (2, 3, 43–45). These suitable patients of efficient therapeutic strategies need to be selected by specific biomarkers. Accumulative works have demonstrated the key role of metabolic enzymes in tumor microenvironment (46–48). Molecular typing and targeted interventions which based on metabolic reprogramming have become potential therapeutic strategies for HCC (49, 50). Herein, we report that PKM2 drives HCC progression by inducing an immunosuppressive microenvironment. The overexpression of PKM2 enhances the therapeutic response of HCC to PD-L1 blockade.

PKM2 is an essential regulator of the Warburg effect in cancer cells which catalyzes the phosphoenolpyruvate (PEP) and adenosine diphosphate (ADP) into pyruvate and adenosine triphosphate (ATP) as fuel for proliferation and metastasis of cancer cells (51). Accumulative studies have reported that PKM2 is upregulated and promotes the growth and metastasis in multiple tumors (52, 53). In the present study, we found that PKM2 was highly expressed in HCCs and was closely correlated to the poor prognosis of HCC patients. PKM2 was proved to promote HCC growth and metastasis via in vitro and in vivo assays. Our findings reinforce the idea that metabolic enzyme such as PKM2 is an important mediator for HCC progression. Because HCC are well known to be highly aggressive tumors, it appears that PKM2 may serve as a potential metabolic biomarker for prediction of HCC prognosis, and an effective treatment target to block HCC progression.

Growing evidence indicated that metabolic abnormalities promotes immune escape of cancer cells. Glucose consumption by cancer cells metabolically restricts T cells via dampened their glycolytic capacity and IFN-γ production (54). Abnormal accumulation of lactic acid due to excessive glycolysis and further acidic environment lead to cytotoxic effects on various immune cells (55). On the other hand, aerobic glycolysis orchestrates a molecular network of chemokines to affect myeloid-derived suppressor cells (MDSCs) and maintains tumor immunosuppression (46). In this study, we found PKM2 was in a distinctive correlation with immunosuppressive microenvironment of HCC. Although CD45, CD4 and CD8 immune cells were abundantly infiltrated in the tumor microenvironment of HCC patients with high level PKM2, these patients also have higher levels of inflammatory factors, such as TNF and IL-6, and chemokines including CXCL1 and CSF1, as well as the immune inhibitory factors, such as CD274 (PD-L1), CTLA4, and LAG3. Moreover, Treg cells and M2 macrophages were increasingly infiltrated, while M1 macrophages were decreasingly infiltrated in the high PKM2 tumor microenvironment. These alterations of immune cells and immune factors are responsible for immune escape, which, in turn, promote the progression of HCC. These findings further underscore the close relationship between metabolic alterations and immune responses.

In addition, we found that PKM2 expression was positively correlated with regulators of PD-L1 includes inflammatory signaling like IFN-γ and oncogenic signaling such as MYC, HIF1α and STATA3 (56). As PKM2 promotes HIF1a downstream gene transcription through direct interaction with HIF1α (19), which may be one of the mechanisms why PKM2 promotes PD-L1 expression. On the other hand, our previous study found that CSF1-induced macrophage polarization toward M2 reversely promoted PD-L1 expression of tumor cell via PI3K/AKT/NF-κB/p65 activation (40). It may uncover a new insight on the PD-L1 regulation via interaction of tumor cells and immune cells.

The discovery of biomarkers that predict immunotherapeutic response is essential for the clinical application of anti-PD-1/PD-L1 antibodies. Despite the improved response rates of the patients with higher levels of PD-L1 expression, interpretation of PD-L1 by IHC cannot reflect the true expression of PD-L1 expression. The lack of binding sites on PD-L1 amenable for IHC detection, the variation of IHC cutoffs, and varying detection antibodies contribute to the marred interpretation. besides the PD-L1 expression heterogeneity (57). Thus, the biomarker chaperones are needed to improve the detection accuracy of PD-L1 expression. Our findings demonstrated that high PKM2 expression induces an inflammatory milieu and creates an immunosuppressive microenvironment. This prompted us to hypothesize that anti-PD-1/PD-L1 antibodies were more effective in HCC patients with high PKM2 expression. And it was confirmed by the enhanced therapeutic response to PD-L1 blockade therapy caused by the overexpression of PKM2. These results indicated that PKM2 would promise a probable candidate for improved prediction on PD-L1/PD-1 blockade benefit for HCC patients.

In conclusion, our findings indicated that PKM2 drove HCC progression via inducing immunosuppressive microenvironment and PD-L1 upregulation. The overexpression of PKM2 sensitized HCC to immune checkpoint blockade, which enhance IFN-γ positive CD8 T cells in HCC mice models. PKM2 might be a predictor and a potential therapeutic target for immune checkpoint inhibitors in HCC.
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Metabolism rewiring is an important hallmark of cancers. Being one of the most abundant free amino acids in the human blood, glutamine supports bioenergetics and biosynthesis, tumor growth, and the production of antioxidants through glutaminolysis in cancers. In glutamine dependent cancer cells, more than half of the tricarboxylic/critic acid (TCA) metabolites are derived from glutamine. Glutaminolysis controls the process of converting glutamine into TCA cycle metabolites through the regulation of multiple enzymes, among which the glutaminase shows the importance as the very first step in this process. Targeting glutaminolysis via glutaminase inhibition emerges as a promising strategy to disrupt cancer metabolism and tumor progression. Here, we review the regulation of glutaminase and the role of glutaminase in cancer metabolism and metastasis. Furthermore, we highlight the glutaminase inhibitor based metabolic therapy strategy and their potential applications in clinical scenarios.
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Introduction

Sustained and unhindered proliferative tumor cells require high levels of energy and building block molecules which depend partially on the availability of nutrients and oxygen in the microenvironment. In 2011, Hanahan et al. described reprogramming of energy metabolism as an emerging hallmark of neoplastic disease (1). Pavlova et al. further summarized six cancer associated metabolic changes, including enormous influx of nutrients, re-shaped nutrient acquisition under hostile condition, use of intermediates of glycolysis/citric acid cycle (TCA cycle) for biosynthesis and NADPH production, increased nitrogen demand, altered epigenetic modification of metabolism related genes together with changes in post-transcriptional modification (PTM) of the enzymes, and ultimately the metabolic interaction with the microenvironment (2).

Reprogrammed metabolism characterized by the markedly increased consumption of glucose and glutamine is emphasized when several examples have revealed that it could support tumor cell survival and biosynthesis (3, 4). Not merely an increased glucose uptake, remodeled glucose catabolic pattern is also considered as a feature of proliferating cells. Cancer cells preferentially utilize glucose in an oxygen “independent” way, in which they convert most pyruvate to lactate rather than delivering them into TCA cycle for a higher ATP yield (described as ‘Warburg effect’) (5). A widely accepted theory rationalizing such phenomenon is that aerobic glycolysis provides abundant intermediates for a quick de novo synthesis of nucleotides, non-essential amino acids (NEAAs) and fatty acids and certainly, a more rapid ATP supplementation than TCA cycle (6, 7).

Glutamine is the most abundant amino acid in blood and muscle, which provides a stable nitrogen and carbon pool for protein, nucleotide, and lipid biosynthesis (8). After first evidenced by Eagle et al. that the glutamine consumption in HeLa cells is 10 to 100 times higher than any other amino acids (9), augmented glutamine metabolism has been reported to be significantly linked with tumor growth, invasion, and metastasis in various cancer types (e.g. ovarian cancer, breast cancer, and pancreatic cancer) (2, 10). Due to the diversion of pyruvate from entering TCA cycle, cancer cells rely more on glutamine carbon for anaplerosis (10, 11). Given the crucial role of glutamine in bioenergetics and biosynthesis in cancers, the study on glutamine metabolism could ensure a better understanding of cancer progression, thus further inspiring the development of potential methods of targeted therapy. In this review, we focus on the current understanding of glutaminase-related glutaminolysis in cancer metabolism. The role of glutaminase in tumorigenesis and their regulation in metastasis are also discussed. Furthermore, the glutaminase inhibitor based metabolic targeted therapies are summarized and highlighted.



Glutamine Metabolism in Cancer

Glutamine was believed to be a non-essential amino acid in normal physiological condition until 1990, when Lacey et al. firstly uncovered that the supply of glutamine under a catabolic stressed condition failed to meet the demand of this nutrient. Since then, glutamine has been regarded as a conditional essential amino acid (12). Cancer cells undergo aerobic glycolysis (Warburg effect), resulting in restricting pyruvate entry into the TCA cycle. A process known as glutaminolysis replenishes TCA cycle with intermediates from glutamine (13). Using isotopic tracers, a number of studies, including both in vitro and in vivo, have demonstrated the massive contribution of glutamine to TCA metabolites pool in glutamine dependent cancer cells (11, 14–16). Glutamine-driven oxidative phosphorylation has also been discovered as a major ATP source in transformed mammalian cells (17).

Rapidly-dividing cells including those in kidney, gastrointestinal tract, immune compartments and cancer cells, possess a tremendous appetite for glutamine. For example, deprivation of glutamine induces necrosis of intestinal mucosa and apoptosis in human cell lines (12, 18), while additional oral supplementation of glutamine among cancer patients undergoing radio- and chemotherapy improves mucosa healing and ameliorate life quality (19). Flux of glutamine is mediated by the transporter SLC1A5 (ASCT2) and antiporter SCL7A5/SCL3A2 on cell membrane, and the newly identified SLC1A5 variant on the inner mitochondrial membrane (20, 21). Glutaminolysis in mitochondria starts from the conversion of glutamine to glutamate by glutaminase. Then glutamate metabolism forks into two different ways: either converted by glutamate dehydrogenase (GLUD) into α-KG to fuel TCA cycle, or to join a biosynthetic pathway for the production of NEAAs via aminotransferases (e.g. alanine, aspartate, and phosphoserine) (10). Apart from its contribution in bioenergetic and biosynthetic process, glutaminolysis is also directly involved in the regulation of redox homeostasis through the synthesis of glutathione (GSH) by providing glutamate (22). In addition, glutamine could also function as a signaling molecule, such as in the regulation of mTOR pathway (23, 24). Despite the diverse constitution and activity of enzymes involved in glutaminolysis under different cellular status, the maintenance of a sufficient intracellular concentration of glutamate relies predominantly on the activity of phosphate-dependent glutaminase (GLS), whose disrupted expression has been observed in various cancer cell lines (25). Human GLS could roughly be summarized as two isoforms which derive from two different but related genes. The kidney-type (GLS1 or KGA) is ubiquitously expressed in various normal tissues, while the liver-type (GLS2 or LGA) is restricted in the liver, brain and pancreas (26, 27). Unlike the coherent expression tendency of GLS1 in various cancer types (26), the function pattern of GLS2 seems to be more complex and controversial (28, 29). Accumulating evidence has confirmed that the activity of both GLS1 and GLS2 rest highly on the metabolic state of the cells, as GLS1 is activated by high level of phosphate and inhibited by the enzymatic product glutamate, while GLS2 is activated by lower level of phosphate as well as ammonia (30, 31). Though glutaminases are mainly reported as mitochondrial proteins, the localization of KGA in cytosol and GLS2 in nuclei have also been revealed (32, 33). Further discussion of the glutaminase isoenzymes are displayed in the following parts.

Besides, as one key component in cellular intermediary metabolism, glutamine can act either as nitrogen donor (α- and γ- nitrogen) or carbon donor. While the carbon skeleton from glutamine could directly reserve as a carbon reservoir in protein and fatty acid synthesis, the release of a free amide (γ-nitrogen) group exploits its new role in de novo biosynthesis for purines and pyrimidines with 2 glutamine derived nitrogen molecules for the purine ring and one nitrogen for pyrimidine ring (34). In addition, glutamine metabolites account partially for the synthesis of fatty acid synthesis in cancer cells with impaired TCA cycle products, e.g. citrate that could support the synthetic process. Such mechanism is mediated by a process called reductive carboxylation, which is briefly described as the conversion of α-ketoglutarate (α-KG) to citrate catalyzed by isocitrate dehydrogenases (IDHs) (35). Studies have observed reductive carboxylation in hypoxic cancer cells in vitro and confirmed its importance in supporting lipid genesis for tumor progression in vivo (36, 37). Additionally, glutamine metabolites participate in keeping cellular and organismal homeostasis. Free ammonia, which could be released from glutamine catabolism, is a key component for acid-base homeostasis in kidney (38). Enhanced reductive formation of citrate from glutamine by IDHs also supports redox homeostasis and mitigates oxidative oxygen species (ROS), thus cooperatively facilitating spheroid forming in 2 lung cancer cell lines (39). Taken together, altered glutamine metabolism in cancer cells strongly supports tumor growth and progression, which in turn could encourage the investigation for metabolic targeted therapy of cancers.



Regulation of Glutaminases in Cancer

Glutaminases are encoded by two different genes called GLS1 and GLS2, and both have longer and shorter isoforms as a result of alternative splicing: KGA and glutaminase C (GAC) for GLS1, and LGA and glutaminase B (GAB) for GLS2 (31) (Figure 1). While GLS1 is usually upregulated in cancers, the expression of GLS2 is generally repressed in cancers (26). GAC has higher activities and is the predominant GLS1 isoform in cancers (40–42). Recently, Redis et al. revealed that the alternative splicing of GLS1 is regulated by a long non-coding RNA (lncRNA) called CCAT2, which interacts with CFIm complex and results in the preferential expression of GAC (43). Here, we summarize the key regulators of glutamine metabolism in cancers, focusing on the regulation of glutaminases by oncogenes (c-Myc, KRAS), tumor suppressor (TP53) and other factors.




Figure 1 | Genomic structures of human GLS1 and GLS2 and alternative transcripts. (A) Two alternative transcripts arise from GLS1, KGA, and glutaminase C (GAC). KGA is the longer isoform with all exons except exon 15, while GAC is the shorter isoform with exons 1–15. (B) Two alternative transcripts arise from GLS2, GAB, and LGA. GAB is the longer isoform with all exons, while LGA is the shorter isoform lack of exon 1.



The oncogene c-Myc has been reported to regulate the expression of several genes in glutamine metabolism, including GLS1 (44), glutamine synthetase (GLUL) (45), GLUD and aminotransferases (46). c-Myc promotes the uptake of glutamine by directly binding to the promoter region of glutamine transporters SLC1A5 and SLC38A5 (47, 48). However, for the regulation of GLS1, c-Myc indirectly promotes the expression of GLS1 through transcriptional repression of miR-23a and miR-23b (44), which are also repressed by NF-κB (49). MYC could also upregulate GLS1 by repressing the expression of an antisense lncRNA GLS-AS (50). Another oncogenic transcriptional factor c-JUN also regulates the gene expression of GLS1 (51). Several pathways regulate the expression of GLS1 through c-MYC have also been reported. The GSK3α/β pathway indirectly upregulates GLS1 through modulating the protein stability of c-Myc and c-Jun (52). The mTORC1/S6K1 pathway positively regulates GLS1 through the eIF4B-dependent control of c-Myc translation (53).

RAS proteins are frequently mutated in many types of human cancers (54). KRAS is the most frequently mutated isoform, especially in pancreatic cancer with more than 90% of the patients (55). Both c-Myc and KRAS have been reported to enhance glycolysis and glutamine addiction, while diverting glucose away from TCA cycle (11, 47). However, the mechanism of glutamine-dependent tumor growth is largely unknown. Son et al. reported a non-canonical pathway of glutamine use in pancreatic ductal adenocarcinoma (PDAC) cells, in which the anabolic metabolism of glutamine is mainly through the glutamic-oxaloacetic transaminase 1 (GOT1) dependent pathway (56). This non-canonical glutamine metabolism also contributes to the maintenance of redox homeostasis in PDAC, and the inhibition of anabolic glutamine metabolism sensitizing PDAC to oxidative stress. Interestingly, it was suggested that different KRAS mutations may show different effects. For instance, KRAS G12V mutation is less glutamine-dependent than G12C or G12D mutation in lung cancer cells (57). However, this difference of glutamine-dependence is not explained by the differential expression of glutaminolysis related enzymes. In addition to the regulation of GOT1 by KRAS, oncogenic PIK3CA mutations also have been reported to mediate metabolic reprograming of glutamine in colorectal cancer (CRC) by upregulating glutamate pyruvate transaminase 2 (GPT2) (58). However, KRAS mutants did not show differential response to glutamine deprivation in case of CRC cell lines. Moreover, NRF2 (nuclear factor erythroid 2-related factor 2) pathway plays a critical role in the metabolic reprogramming to glutamine dependence in KRAS-mutated cells (59, 60). Mukhopadhyay et al. reported that glutamine metabolism was rewired by NRF2, which also promotes chemotherapy resistance in KRAS-driven PDAC cells (59). Galan-Cobo et al. reported that LKB1 (liver kinase B1) and the KEAP1/NRF2 pathways cooperatively drove metabolic reprogramming and enhanced sensitivity to the glutaminase inhibitor CB-839 both in vitro and in vivo (60).

Hypoxia-inducible factor (HIF) drives metabolic adaptation to hypoxic conditions in many solid tumors (61, 62). Under hypoxic conditions, cells use glutamine to generate citrate by enforcing a shift from glutamine oxidative metabolism towards reductive carboxylation to support proliferation through lipids synthesis (35, 36, 63). Thus, hypoxia is an inducer of reductive metabolism of glutamine in cancers. Furthermore, hypoxia upregulates GLS1 expression in a manner of transcriptional activation by HIF-1α (64).

Besides the transcriptional and post-transcriptional regulation of glutaminase, PTM is also important for the activity of glutaminase (65–67). Wang et al. found that hyperactivation of Rho-GDPase/NF-κB significantly enhanced glutaminase activity by promoting its phosphorylation, while not affecting the expression levels of the enzyme (65). Later on, Han et al. revealed that the key Ser314 phosphorylation site on GAC was regulated by NF-κB-PKCϵ axis (68). In addition, HGF-MET axis is reported to activate GLS activity by phosphorylation, though the phosphorylated site is not indicated (69). Furthermore, mitochondrial desuccinylase SIRT5 stabilizes GLS through desuccinylation of residue K164, which protects GLS from ubiquitin mediated degradation (70).

GLS2 seems to be regulated in a different way from GLS1’s. GLS2 has been proved to be a target of p53 (71, 72). Interestingly, the regulation of GLS2 by p53 was involved in the regulation of ferroptosis (73, 74). Besides p53, TAp63 and TAp73 as well regulate the expression of GLS2 (75, 76). Differently to GLS1, GLS2 is directly upregulated by N-Myc in neuroblastoma (77). In breast cancer, GLS2 expression is preferentially upregulated in luminal-subtype cancers via promoter methylation and GATA3, a master regulator of luminal differentiation (78). Recently, the post translational modification of GLS2 by GCN5L1 has also been revealed, which modulates the oligomerization and acetylation of GLS2 (79). In summary, these observations renew our understanding of glutamine metabolic reprogramming in cancers and contribute to the optimization of glutamine targeting therapy. A summary of the regulation of glutamine metabolism in cancers is depicted in Figure 2.




Figure 2 | Glutamine metabolism in cancer. Cancer cells uptake glucose and glutamine through GLUT and ASCT2, respectively. After transporting into cells, glutamine is catalyzed to glutamate by glutaminases, which have two isoforms: GLS1 and GLS2. Glutamate is further converted to α-KG through GLUD or aminotransferases. The resulting metabolites can supply for bioenergetics through tricarboxylic/critic acid (TCA) cycle and support biosynthesis of proteins, nucleotides and lipids. In addition, glutamine metabolism also contributes directly to GSH synthesis. The regulation of glutaminase is marked in pink.





Opposite Roles of GLS1 and GLS2 in Tumorigenesis

Glutaminase is dysregulated in many cancers, which makes it an appealing target for cancer therapies (22). However, whether the functions of glutaminase is tumorigenic or tumor suppressive remains controversial, especially from the view of isoenzymes (26). Generally, the upregulation of GLS1 links with augmented tumorigenesis, while the expression of GLS2 is more likely related with quiescent or differentiated cell states.

GLS1, a mitochondrial enzyme, hydrolyzes glutamine into glutamate and fuels rapid proliferation of cancer cells. GLS1 might be emphasized as a multiple player in tumorigenesis and progression of human cancers (44, 80). Increased GLS1 expression in a variety of human cancer types was associated with significantly decreased patient survival, which suggests its function as a potential prognostic biomarker for many human cancers, including hepatocellular carcinoma (HCC), ovarian cancer, osteosarcoma, colorectal cancer (CRC) and breast cancer (64, 81–85). Directly or indirectly elevated expression of GLS1 correlates with poor prognosis in these human cancers and GLS1 could be developed as a diagnostic and therapeutic target for these types of cancers (26). Xiang et al. demonstrated that GLS1 expression was required for hypoxia-induced migration and invasion in vitro and for tumor growth and metastatic colonization in vivo in CRC cells (64). The important role of GLS1 also shows that the overexpression of GLS1 induced metastasis and invasion and promoted epithelial-mesenchymal transition (EMT) in intrahepatic cholangiocarcinoma (ICC) cells (86). In addition, Li et al. demonstrated that targeting GLS1 not only reduced the expression of stemness-related genes including NANOG, OCT4, KLF4, SOX2 and c-Myc, but also suppressed CSC properties via ROS/Wnt/β-catenin signaling (81).

Compared with GLS1, GLS2 is more regarded as a tumor suppressor. GLS2 is repressed in glioblastoma, HCC and colon cancers (87–89), while overexpressed in luminal subtype of breast cancer (78). As a target gene of p53, GLS2 shows antioxidant function through regulation of ROS level and GSH/GSSG ratio in cells, contributing to its role in tumor suppression (71, 72, 90). The upregulation of GLS2 in cancer cells induced an antiproliferative response with cell cycle arrested at the G2/M phase and reduced tumor cell colony formation in HCC (33, 71). The researches revealed that GLS2 negatively regulates the PI3K/AKT signaling and plays an important role in tumor suppression in HCC (89). Furthermore, Kuo et al. demonstrated that expression of GLS2 inversely correlates with poor prognosis and early recurrence in HCC patients (91). On the contrary, Dias et al. revealed that GLS2 amplification or overexpression is linked to worse overall, disease-free and distant metastasis-free survival in breast cancer (92). The increased expression of GLS2 leads to enhanced cell migration, invasion and lung metastasis (92). Consistently, Lukey et al. found that the expression of GLS2 supports proliferation and tumorigenesis in luminal subtype breast cancers (78). These data established an unforeseen tumorigenic role of GLS2 in breast cancer.

Interestingly, Ishak Gabra et al. reported that dietary glutamine supplementation inhibited melanoma tumor growth by suppressing epigenetically activated oncogenic pathways (93). The inhibitory effect of glutamine in tumor growth observed here is due to the elevated intra-tumoral α-KG level, consistent with the reported role of α-KG as a tumor suppressor (94, 95). Taken together, GLS1 is more likely to be tumorigenic and a promising therapeutic target, whereas GLS2 behaves more like a tumor suppressor factor despite some controversial results.



Glutaminolysis and Cancer Metastasis: EMT, Tumor Immunology, and Tumor Microenvironment

In addition to the multiple functions of glutamine metabolism in regulating tumor biology described above, a number of studies have also suggested that glutamine metabolism participated in several aspects of tumor metastasis. By analyzing eight ovarian cancer cell lines, Yang et al. suggested that glutamine dependent ovarian cancer cells showed stronger invasion ability and were related to worse patient survival when compared with glutamine non-dependent cancer cells (83). In addition, suppressing glutamine uptake by inhibiting glutamine transporter ASCT2 significantly inhibited prostate cancer growth and metastasis (96). Moreover, in patient-derived organoids model, Braun et al. found that glutamine was increased more than four times from early-recurrent PDAC patients with the development of tumor recurrence within the first six months after radical surgery, than those from late-recurrent patients, suggesting that glutamine metabolism may be diverse according to different tumor malignancies (97). To date, the exact mechanisms linking glutamine metabolism to tumor metastasis are still unclear, but studies have demonstrated that glutamine may participate in the metastatic process through the interaction with EMT, tumor immunology and tumor microenvironment.

EMT is an important cellular program that enables epithelial cells to acquire a mesenchymal phenotype with increased motility as well as invasive ability, and is widely considered as a critical process for the initiation of the metastatic cascade (98). Glutamine metabolism was reported to be related to EMT in several types of malignant tumors. Takaoka et al. found an inverse correlation between GLS1 and E-cadherin expression by analyzing seven CRC cell lines. And the knockdown of GLS1 not only elevated E-cadherin expression but also suppressed Vimentin and Slug expression in CRC cells, referring to as an EMT induction by GLS1 (99). By transactivating GLS1 and GOT2 to enhance asparagine synthesis, SOX12 overexpression promotes CRC cell proliferation, migration, invasion, and metastasis (100). GLS1 was also reported to promote cell migration and invasion by regulating EMT in intrahepatic cholangiocarcinoma, in which GLS1 expression was higher in tumor tissues than in peritumoral tissues, and the higher expression of GLS1 independently predicted a poor survival (86). Besides, Ramirez-Peña et al. found that experimentally induced EMT breast cancer cells showed a decreased GLS2 expression, which could be further restored by inhibiting the EMT transcription factor FOXC2 (101). GLS2 was found to be capable of repressing cell migration, invasion, and metastasis of HCC through the suppression of EMT secondary to the downregulation of Snail via Dicer-miR-34a-Snail axis in vitro and in vivo (91), suggesting a negative regulation role of GLS2 on EMT. Likewise, GLS2 but not GLS1 could not only inhibit HCC cell migration and invasion in vitro, but also suppress lung metastasis in a mouse model through inhibiting Rac1 activity and mediating p53’s function (28). Conversely, Dias et al. reported that GLS2 expression was able to increase the EMT markers as well as cancer cell migration and invasion partly through the regulation of ERK and ZEB1 in breast cancer (92), indicating a positive induction of EMT by GLS2. In general, GLS1 shows a positive regulation of EMT process while the functions of GLS2 on EMT are diverse and may be attributed to different tumor types as well as varying degrees of tumor malignancy.

Immune escape is a major reason for tumor progression and metastasis. Some studies have suggested that a crosstalk may exist between glutamine metabolism and tumor immunology. GLUL was found to modulate macrophage skewing toward the M2 phenotype that was relevant for metastasis formation, where GLUL-deficient macrophages inhibited T Cell suppression, endothelial cell capillary formation as well cancer cell motility, and induced lymphocyte recruitment to prevent tumor metastasis (102). GLUL was also found to enhance HCC cell migration and invasion both in vitro and in vivo, and higher GLUL level independently predicted a poorer prognosis in HCC patients (103). In addition, Wu et al. suggested that glutamine metabolism could support highly immunosuppressive tumor-infiltrating immature myeloid cells with glutamine-derived α-ketoglutarate, and could also regulate their suppressive capacity through the glutamate-NMDA receptor axis, in which inhibiting GLS1 improved the efficacy of anti-PD-L1 treatment, with decreased Arginase1+ myeloid cells, increased CD8+, IFNγ+, as well as granzyme B+ T cells, and delayed tumor growth in an immunotherapy-resistant mouse model (104). Johnson et al. demonstrated that GLS1 plays an important role in T cell activation and subset specification (105). GLS1 could promote differentiation of Th17 cells but distinctly suppress differentiation and effector function of CD4 Th1 and CD8 CTL cells. Despite that chronic GLS deficiency could impair T cell responses, transient GLS inhibition by CB839 also showed enhanced Th1 and CD8 CTL effector function and long-lasting cell numbers in vivo, providing a novel hint that transient GLS inhibition may be used in combination with immunotherapy to enhance the treatment effect (105). JHU-083 is a new inhibitor synthesized by Jonathan D group which is the prodrug of glutamine antagonist DON (106). By concurrently using JHU-083, Leone RD et al. found that glutamine blockade enhanced the anti-tumor effects of the anti-PD-1 therapy compared with anti–PD-1 therapy alone. Glutamine blockade with JHU-083 monotherapy could also enhance endogenous antitumor immunity by triggering tumor immune rejection and adaptive immune memory without additional immunotherapy (106). Besides, targeting glutamine metabolism with JHU-083 inhibits both tumor growth and metastasis in an immune-dependent manner, including inhibiting infiltration of myeloid-derived suppressor cells, reprogramming myeloid-derived suppressor cells and tumor-associated macrophages from a suppressive to a proinflammatory phenotype, increasing immunogenic cell death and antigen presentation, and reducing kynurenine levels in both tumor and myeloid-derived cells by inhibiting IDO expression, which in turn inhibited the development of metastasis and further enhanced antitumor immunity (107). Given the low response rate as well as high tendency of adaptive or acquired resistance in cancer immunotherapy (108), investigating the relationship between glutamine metabolism and tumor immunology may provide an insightful treatment solution in the future.

Glutamine metabolism is also joined in the biologic interaction within the tumor microenvironment. Yang et al. found that cancer associated fibroblast (CAF) synthesize glutamine in glutamine-deficient tumor microenvironment to maintain glutamine-addicted ovarian cancer cell growth, where targeting glutamine synthetase in tumor stroma could reduce tumor weight and metastasis in orthotopic ovarian carcinoma mouse model, and the treatment effect can be further enhanced by co-targeting glutaminase in cancer cells (109). Due to the poor vascularization and hypoxic environment, PDAC tumors have been found to be commonly deprived of several nutrients, including glutamine (110). Pharmacologically, glutamine deprivation by glutamine analog DON leads to the induction of EMT through selectively up-regulating the EMT transcription factor Slug in both KPC mouse model and human PDAC cell lines, contributing to enhanced tumor migration and invasion capacities (111). Besides, under the hypoxic condition, Xiang et al. found that GLS1 was implicated in hypoxia-induced cancer cell invasion and metastasis, where GLS1 knockdown significantly suppressed CRC cell migration and invasion in vitro, as well as tumor growth and metastatic colonization in vivo (64). Besides, extracellular vesicles (EV) are wildly considered as an important bridge connecting cell communications in the tumor microenvironment and are involved in the process of pre-metastatic niche formation (112). In the LNCaP prostate cancer progression mode, Dorai et al. linked EV to glutamine metabolism, in which large EVs produced from highly bone metastatic C4-2B cells was significantly decreased when treated with glutaminase inhibitor BPTES, leading to an inhibition of bone metastasis in prostate cancer (113). Moreover, GLS1 inhibition combined with metformin treatment suppressed tumor growth and reduced metastatic progression in spontaneous metastasis mouse models with osteosarcoma (114).

Tumor metastasis is a natural and mostly inevitable process during the tumor progression, and also the leading cause of tumor-associated death. Given glutamine metabolism is involved in different phases of tumor metastasis development, genetically or pharmacologically targeting glutamine metabolism may suppress the initiation and progression of metastasis and provide a promising prospect in cancer treatment.



Glutaminase Inhibitor Based Therapeutic Strategy

Due to the critical role of glutaminolysis in cancer metabolism, it has been a promising therapeutic target to combat cancers. As the first step of glutaminolysis, glutaminase convert glutamine to glutamate. This important role of glutaminase in glutamine metabolism makes it a valuable target for cancer therapy. The application of glutaminase inhibitors attenuates the glutamine to glutamate conversion, elevates intracellular ROS level and impairs antioxidant GSH production in cancer cells (15, 115, 116). Furthermore, the combination of glutaminase inhibitors with chemotherapy agents also increased sensitivity of cancer cells to chemotherapy in pancreatic cancer and ovarian cancer (59, 117, 118).

To date, many potent small molecule inhibitors have been developed to target glutaminase, including DON, JHU-083, BPTES, CB-839, and compound 968 (119). DON is a glutamine antagonist, binds covalently to the enzyme active site and broadly inhibits glutamine-using enzymes, including glutaminase and glutamine amidotransferases involved in de novo nucleotide synthesis, amino acid synthesis, and hexosamine production (120). However, this ‘non-selective’ inhibition of glutamine metabolism induces high degree of toxicity, prevents its further investigation in glutamine targeting. To minimize the toxicity of DON, a prodrug strategy is developed (120). JHU-083 is a newly synthesized prodrug of DON, which can be administered in an inert state and then be activated preferentially in the tumor microenvironment through enzymatic cleavage, thus alleviating the previously reported toxicity of DON (106, 121). Other DON prodrugs such as Rais-5C and Nedelcovych-13d have also been reported (122–124). Unlike the glutamine mimetics, the allosteric inhibitors such as BPTES and CB-839, are selectively targeting glutaminase without disturbing other aspects of glutamine metabolism (25, 124). BPTES is now the most frequently used allosteric glutaminase inhibitor, which specifically inhibits kidney type glutaminase activity through the formation of an inactive complex (125). Though BPTES shows high specificity and efficiency in inhibiting cancer cell proliferation in vitro, the drawbacks of poor aqueous solubility and low bioavailability in vivo restrict its further applications in clinical trials (124). In order to improve drug solubility, several derivatives of BPTES were synthesized through structural modifications (119, 126–128). Later on, CB-839, a more potent, and orally bioavailable BPTES derivative was discovered. CB-839 shows a broad anti-proliferative activity in a number of cell lines in culture (42, 129, 130). Importantly, dozens of clinical trials of monotherapy or combination therapy with CB-839 are currently ongoing (42, 124). Another widely used glutaminase inhibitor is compound 968, a dibenzophenanthridine, which is first reported to be a GAC inhibitor and repressed oncogenic transformation in breast cancer cells, but is lately found by Lukey et al. to be a pan-glutaminase inhibitor with a moderate selectivity for GLS2 (65, 78). Recently, more potent GLS inhibitors were investigated, including CB-839 selenadiazole-derivatives CPD-20, CPD-23 (131), and Physapubescin I (132). Structures of selected inhibitors and the allosteric binding of GLS1 with BPTES and CB-839 are shown in Figure 3 (66). However, less efforts have been made to target GLS2 due to its controversial roles in tumor suppression (26, 71, 92). Lee et al. reported a series of alkyl benzoquinones that preferentially inhibit GLS2 rather than GLS1, which function through the specific binding to an allosteric pocket at the C-terminal end of GLS2 monomer (133). Yeh et al. reported a class of thiazolidine-2,4-dione compounds targeting both GLS1 and GLS2, while moderately selective for GLS1 over GLS2 (134).




Figure 3 | Structures of glutaminase inhibitors. (A) The structures of selected glutaminase inhibitors, including BPTES, CB-839, DON and JHU-083. (B) The structure and allosteric binding pocket of GLS1 (rcsb.org). Left, structure of GLS1 in complex with BPTES, PDB entry 3VOZ; right, structure of GLS1 in complex with CB-839, PDB entry 5HL1. The inhibitors are at the center of the structures.



Despite the promising cell proliferation inhibition results observed in vitro, some cancer cells show resistance to glutaminase inhibitors. More importantly, the in vivo data of glutaminase inhibition is still quite limited and shows controversial results (42, 130, 135). Gross et al. reported significant antitumor activities of CB-839 in two xenograft models, a patient-derived TNBC model and a basal like HER2+ cell line model (JIMT-1) (42). Lee et al. reported a successful inhibition of undifferentiated pleomorphic sarcoma (UPS) tumor growth with CB-839 (135). Combination therapy of CB-839 and PARP inhibitor olaparib also showed prolonged survival in a xenograft model of ovarian cancer (136). However, Biancur et al. found no antitumor effect of CB-839 in both autochthonous and subcutaneous mouse models of PDAC (130). Their work suggested that compensatory metabolic networks emerged during glutaminase inhibition, with the activation of alternative pathways of glutamate production. Nevertheless, the high clearance rate of CB-839 in mice should also be considered (42). Noteworthy, reducing cell culture medium nutrients to physiological levels also compromised the sensitivity of lung cancer cells to glutaminase inhibitors (137). Singleton et al. found that CB-839 activity was significantly compromised in three dimensional spheroids assay compared with two dimensional monolayer culture in TNBC cells (138). Davidson et al. reported that KRAS-driven lung tumors require pyruvate carboxylase and pyruvate dehydrogenase, and are less dependent on glutaminase than cultured cells (139), suggesting a crucial impact of tumor microenvironment in glutamine metabolism and glutaminase inhibition. In addition, Muir et al. showed that cystine levels dictate glutamine dependence via the cystine/glutamate antiporter SLC7A11 (xCT) and concurrent high expression of GLS and xCT may predict response to glutaminase inhibition (78, 137, 140). Grinde et al. found that addiction to proline synthesis from glutamine is associated with response to CB-839 in breast cancer (141).

The questions then arise: what is the molecular mechanism of glutaminase inhibition resistance and how could we overcome the therapy resisatnce? Firstly, as the most frequently used glutaminase inhibitors such as BPTES and CB-839 are GLS1 selective, the resistance to glutaminase inhibition may be due to the differential expression of GLS1 and GLS2 in cells, as demonstrated in luminal and basal-like breast cancer cells (78). Application of a pan-glutaminase inhibitor 968 suppresses BPTES-resistant breast cancer growth. Importantly, a number of studies have demonstrated that glutaminase inhibition could be rescued by alternative metabolic pathways, such as glycolysis and fatty acid oxidation (FAO) (130, 138, 142). A combinatorial strategy may help to overcome glutaminase inhibition resistance. Several inhibitors targeting glycolysis have demonstrated a synergistic effect with glutaminase inhibitor, such as metformin (115, 143, 144), Erlotinib (EGFR inhibitor) (145), MLN128 (mTOR inhibitor) (52), and Glutor (glucose uptake inhibitor) (146). Co-inhibition of FAO with etomoxir (CPT1 inhibitor) as well inhibits the cell proliferation in resistant cells (130, 142). However, the combination of CB-839 and etomoxir was lethal in mouse models. In addition, combined therapy targeting oxidative stress response also show enhancement of the sensitivity to glutaminase inhibition (60, 130). Together, combinatorial strategies show the effectiveness in overcoming the glutaminase inhibition resistance. A summarized diagram of glutaminase inhibition resistance is showed in Figure 4.




Figure 4 | Mechanisms of glutaminase inhibition resistance. Resistance to pharmacological glutaminase inhibition may be explained by differential expression of glutaminase isoenzymes or activation of alternative metabolic pathways. Combination therapy with inhibitors targeting alternative metabolic pathways, such as glycolysis and fatty acid oxidation, helps to overcome glutaminase inhibition resistance. Possible mechanisms of glutaminase inhibition resistance are marked in red. Inhibitors are marked in purple.



Although as a promising therapeutic approach to combat cancer, limited clinical research data of glutaminase inhibition is available. In the last few years, CB-839 is the only glutaminase inhibitor undergoing clinical trials. Most recently, a new inhibitor DRP-104 (glutamine antagonist) is now entering clinical trials (NCT04471415). However, most of the trials are in a stage of phase I/II, evaluating the safety and tolerability of the inhibitors. Nevertheless, results of CANTATA (NCT03428217) showed encouraging clinical activity and tolerability of combination therapy of CB-839 plus cabozantinib in metastatic renal cell cancer (147). Supportively, Zhao et al. reported that combination of CB-839 and 5-fluorouracil induced PIK3CA-mutant tumor regression in CRC xenograft models (148). Importantly, an exploratory analysis of a phase I clinical trial (NCT02861300) showed a trend of better response to combination therapy of CB-839 plus capecitabine (prodrug of 5-fluorouracil) in PIK3CA-mutant CRC patients as compared to PIK3CA-WT cohort (148). More data are needed to evaluate the efficiency of glutaminase inhibition in clinical scenarios.



Conclusions

Uncontrolled cell growth is an essential feature of cancers, which is supported by the augmented glycolysis as well as glutaminolysis. Studies of cancer metabolic reprogramming provide new insights into the nature of malignancy and reveal a potent target to combat cancer. Despite the pivotal role of glucose, the importance of glutamine metabolism in cancer is well recognized. In this review, we updated the current understanding of glutaminolysis in cancer from the view of glutaminase isoenzymes and summarized the glutaminase inhibitor based therapeutic strategies. However, high metabolic heterogeneity increases the complexity of metabolic targeting therapies. Pharmacological inhibition of glutaminases gives different responses in various cancers, which may be due to the differential expression of glutaminase isoenzymes or emerge of alternative metabolic pathways. Combinatorial strategies have shown promising synergistic effects in some context and may help overcome glutaminase inhibition resistance. Identification of glutaminase inhibitor sensitive cancers and optimization of combination therapies would be an interesting focus for targeting glutaminolysis in a variety of cancers.
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Despite advances in targeted therapeutics and understanding in molecular mechanisms, metastasis remains a substantial obstacle for cancer treatment. Acquired genetic mutations and transcriptional changes can promote the spread of primary tumor cells to distant tissues. Additionally, recent studies have uncovered that metabolic reprogramming of cancer cells is tightly associated with cancer metastasis. However, whether intracellular metabolism is spatially and temporally regulated for cancer cell migration and invasion is understudied. In this review, we highlight the emergence of a concept, termed “membraneless metabolic compartmentalization,” as one of the critical mechanisms that determines the metastatic capacity of cancer cells. In particular, we focus on the compartmentalization of purine nucleotide metabolism (e.g., ATP and GTP) at the leading edge of migrating cancer cells through the uniquely phase-separated microdomains where dynamic exchange of nucleotide metabolic enzymes takes place. We will discuss how future insights may usher in a novel class of therapeutics specifically targeting the metabolic compartmentalization that drives tumor metastasis.
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Introduction

Many metastatic processes require dynamic changes in cell motility—i.e., epithelial-mesenchymal transition (EMT), detachment of cells from the primary tumor; local invasion of the basement membrane; intravasation and extravasation; or invasion in a distant site (1, 2). Genetic mutations and changes in transcriptional landscape that increase metastatic capacity have been identified [reviewed in (3, 4)]. EMT is one key initiating step for metastasis, converting epithelial cancer (i.e., carcinoma) to highly motile and invasive mesenchymal cell phenotype, rendering spatial asymmetry that corresponds to the emergence of lamellipodial and filopodial membrane extensions at the leading edge (i.e., the front end) (5–7), via dynamic signaling components. For example, localized activation of RAS and PI3K at the leading edge promotes cellular polarization, directional cell migration, and random cell migration (8, 9). Recent studies have demonstrated that rewiring of metabolic pathways in cancer and cancer stem cells via oncogenic signaling and/or EMT is another key regulator for cell motility and metastasis [reviewed in (10)]. However, the mechanism of this spatiotemporal regulation of metabolic enzymes in migrating cells remained unclear until recently (11). In this review, we highlight an emerging concept of membraneless metabolic compartmentalization and its possible roles in tumor invasion and metastasis.



Membrane-Bound Organelles for Metabolic Compartmentalization

There are several critical roles for membrane-bound compartmentalization (12) (Figure 1A). For instance, metabolic compartmentalization within the peroxisome is crucial for sequestering toxic metabolites and for isolating the harsh conditions required for peroxisomal oxidative reactions from other more fragile cellular compartments (13). Sequestration of metabolic intermediates generally acts to preclude undesirable off-target enzymatic reactions and interference from other enzymatic pathways (14, 15) (Figure 1A); a network-based analysis conducted by Alam et al. suggests that the organelle-level compartmentalization of metabolic reactions relieves the inhibitory effect of unrestricted metabolite diffusion within cells by up to half (16). Additionally, changes in metabolic compartmentalization can evoke coordinated cellular responses such as apoptosis, in which case the release of cytochrome c from mitochondria into the cytosol initiates the apoptotic cascade (17) (Figure 1A).




Figure 1 | Schematic models of the biological roles of compartmentalization, viscosity, and local protein concentrations. (A) Metabolic compartmentalization by membrane-bound organelles confines metabolites to organelles to increase reaction efficiency and protect cellular contents—analogous to potential prey that may be protected from sharks by confining the predators to a shark tank (left). Release of organellar contents into the cytoplasm can elicit changes in cell fate (e.g., induction of an apoptotic program by cytochrome C and dATP or cellular damage mediated by lysosomal enzymes)—analogous to sharks that can either attack prey or themselves die when there is a breach in a shark tank (middle). Generally, the transportation of molecules into membrane-bound organelles is highly selective and regulated—analogous to sharks that may be fed without opening oneself up to the possibility of bodily harm by introducing prey into a shark tank from a distance (right). (B) A schematic diagram of the negative correlation between the fluid viscosity of a medium and the diffusion rate of metabolites within it. (C). A schematic diagram of the effect of the local concentration or relative proximity of enzymes belonging to the same metabolic pathway. When Enzymes A and B are spatially separated, Enzyme B can receive only small amounts of its substrate b, which is generated by the distant Enzyme A. Thus, Enzyme B produces only small amounts of its enzymatic product c—analogous to a shark that can catch only a relatively small number of fish when the fish are sparse (left). However, when Enzymes A and B are in close proximity, Enzyme B can receive much more of its substrate b and thus produce much more of its product c—analogous to a shark that can capture more fish when the fish are schooling (right).





Membraneless Compartments for Metabolic Processes

Cell biologists of the late 19th and early 20th centuries considered the cytosol to be merely a “bag of enzymes” that functioned within the limits of diffusion and in which metabolites and proteins were free to randomly diffuse throughout the cell (18). However, accumulating evidence now points to the ability of cells to generate metabolic compartmentalization even in the cytoplasm. The cell may accomplish this form of compartmentalization through several mechanisms that derive from the physical nature of the cytoplasm, which differs locally in parameters of fluid viscosity, resulting in differential local diffusion rates of metabolites and proteins and differential local rates of molecular interactions (Figure 1B). In a term first coined by Paul Srere in 1985 (19), membraneless multi-enzyme complexes are referred to as metabolons (20–22).


Local Diffusion Rate

The cytoplasm of the cell is a viscous solution of ions, macromolecules, and cytoskeletal proteins. A number of metabolites could experience very slow diffusion rates in certain cellular contexts (18, 23–25). The diffusion rate of small molecules such as ions is reported to be reduced by less than two-fold in cytoplasm-like conditions compared to water (26), whereas the diffusion of larger macromolecules like nucleotides is hindered by greater than three-fold (27, 28). Likewise, the diffusion of polypeptides such as green fluorescent protein (GFP) has been found to be slowed by 3-14 times in bacterial cell cytosols compared to diffusion in water (29–31) and molecules larger than 60 kDa travel half the distance of smaller molecules (32). Additionally, increased nonspecific associations of larger macromolecules (e.g., proteins) with other solutes in the cytoplasm (e.g., polymerized actin, microtubules) are an impediment to diffusion (33–38) (Figure 1B).

The anomalous diffusion of macromolecules can be slowed by a tight mesh structure of actins and microtubules (Figure 1), which causes rapid jumps in the solute’s trajectory as it passes between contiguous actins and tubulin fibers (39). Furthermore, cross-linked actin filaments can transit into a gel phase, thereby dramatically increasing the elastic and viscous properties of the cytoplasm (40). Lastly, diffusion rates in the cytoplasm can also be impeded dramatically at spatiotemporal locations where liquid-liquid phase separation occurs (41).



Local Protein Concentration

The increased local concentration of enzymes belonging to the same enzymatic pathway can protect highly labile metabolic intermediates via substrate channeling, which here acts as a mechanism to decrease reaction time (14, 22, 42) (Figure 1C). To achieve substrate channeling, cells control the proximity of metabolic enzymes in an elegant way and thereby allow for tunable metabolic reactions that can respond dynamically to the evolving cellular status.

Several enzymes involved in glycolysis [e.g., glyceraldehyde 3-phosphate dehydrogenase (GAPDH), fructose-bisphosphate aldolase (ALDA), and phosphofructokinase (PFK)] have been discovered to be bound to actin fibers in the cellular cytoplasm, thereby forming long chains of metabolic enzymes belonging to the same glycolytic pathway that can promote rapid formation of pathway intermediates (20, 25, 42–47). In Hudder et al. the authors documented the large percentage of proteins that are bound to the polymerized filamentous actin (F-actin) cytoskeleton of CHO cells (20). Cell permeabilization released ~12% of the total protein content within the cell. By contrast, pre-incubating the cells with latrunculin B, which sequesters monomeric actin and thus diminishes the F-actin cytoskeleton, followed by permeabilization led to the release of nearly 40% of the proteins. This suggests that large fractions of proteins were bound to actin fibers (20).




The Leading Edge as a Membraneless Organellar Compartment

The ruffling lamellipodium and actin-rich lamellum were described during the late 1960s in motile fibroblast cells in culture (48). As described in the previous section, the diffusion of nucleotides between the cytoplasm and the leading edge is likely hindered by the dense actin and microtubule mesh and the surrounding network of filament-bound macromolecules. Importantly, the formation and maintenance of a leading edge requires the input of purine nucleotides like guanosine 5’-triphosphate (GTP) and adenosine 5’-triphosphate (ATP).

The assembly of microtubules relies upon the binding of GTP to tubulin dimers, which are subsequently incorporated into the GTP-cap that resides at the plus-end of growing microtubules (49). Conversely, GTP hydrolysis results in GDP-bound tubulin dimers and its dissociation from the microtubules. Actin polymerization requires the binding of ATP to G-actin monomers, which may subsequently be incorporated into the barbed end of the growing F-actin polymeric chain. When ATP is hydrolyzed, the ADP-bound subunit conformation of the monomeric actin unit changes, leading to the dissociation of G-actin monomers from F-actin. In chick ciliary neuron culture, approximately 50% of global ATP hydrolysis is associated with the maintenance of the actin cytoskeleton (50).

The physical nature of the leading edge and the elaborated metabolic utility of purine nucleotides suggest a possible requirement for localized biosynthesis of ATP and GTP. Strikingly, the compartmentalization of an entire metabolic pathway within the leading edge was discovered in 2019 (11). In the following section, we will briefly introduce the GTP metabolic enzymes and their significance in cell motility.



GTP Biosynthetic Enzymes in Cancer Cell Dissemination


IMPDH

GTP and ATP can be synthesized through either the energy-saving salvage pathway or the de novo biosynthesis pathway (Figure 2A). The de novo biosynthetic process consumes glucose to synthesize the intermediate metabolite inosine 5’-monophosphate (IMP) after > 17 enzymatic steps. IMP is then used as a substrate by both the ATP-biosynthetic or GTP-biosynthetic branches of the de novo pathway. IMP dehydrogenase (IMPDH) is the rate-limiting, NAD+-dependent first step in GTP biosynthesis and commits IMP to the GTP pathway. IMPDH has been extensively studied in cancer biology since the 1950s (51–61), and is the bona fide target of the FDA-approved immunosuppressant mycophenolic acid (MPA) and its prodrug form mycophenolate mofetil (MMF, CellCept) (62), which is also used as an immunosuppressant in the clinic. There are two isotypes of IMPDH in humans, IMPDH isotype 1 (IMPDH1) and IMPDH isotype 2 (IMPDH2), of which IMPDH2 has been reported to be more highly upregulated in cancers (62–64).




Figure 2 | Nucleotide metabolic enzymes localize at the lamellipodial membrane. (A) Purine nucleotide biosynthesis schematic. The 9 enzymatic steps of de novo biosynthesis (orange), the ATP branch (green), GTP branch (blue), and selected salvage pathway enzymes (yellow). (B) Selected immunofluorescence staining images of purine biosynthetic enzymes (color scheme matches part A) localizing to the leading edge of migrating kidney cancer cells. Relative intensity map of immunofluorescence staining shown in bottom micrograph with intensity scale at the right. Immunofluorescence of GAPDH and fluorescence imaging of Cell Tracker dye, which stain intracellular proteins, show major signals in cytoplasm, which indicate that the localization of purine metabolic enzymes at the leading edge is specific. PRPS, phosphoribosyl pyrophosphate synthetase; FGAMS: phosphoribosyl formylglycinamidine synthase; PAICS, phosphoribosyl aminoimidazole succinocarboxamide synthetase; ADSL, adenylosuccinate lyase; ATIC, 5-amino-4-imidazolecarboxamide ribonucleotide transformylase/IMP cyclohydrolase; ADSS, adenylosuccinate synthase; AK, adenylate kinase; IMPDH, inosine-5′-monophosphate dehydrogenase; GMPS, GMP synthase; GUK1, guanylate kinase 1; NDPK, nucleoside-diphosphate kinase; APRT, adenine phosphoribosyltransferase; ADK, adenosine kinase; HPRT1, Hypoxanthine-guanine phosphoribosyltransferase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.



Several studies show the functional role of IMPDH enzyme in cell motility. In human fibroblasts, inhibiting IMPDH via MPA treatment was shown to lead to decreased adhesion and migration along with dysregulated cytoskeletal proteins (65). Similarly, MPA treatment led to a decrease in the migration and invasion of gastric cancer cells in vitro (66) and to a decrease in the EMT, in vitro migration, and metastatic seeding of prostate cancer cells (67). IMPDH inhibition was reported to decrease the fraction of GTP-bound RAC1, RHOA, and RHOC, the molecular switch proteins responsible for polarizing cells during migration (68), in melanoma cells (69). It is worth noting that many of these studies used long-term treatment with IMPDH inhibitor (e.g., over 16 h), which is likely to change both the transcriptional landscape and the phenotypic status (e.g., cell cycle arrest, apoptosis, or senescence) of the cellular targets. Nonetheless, although more careful analyses may be required to verify the direct effects of GTP on cancer cell motility, most of the evidence thus far points to a correlation between GTP biosynthesis and cell motility.



Enzymes Downstream of IMPDH

The enzymes that lie downstream of IMPDH during GTP biosynthesis, GMP synthase (GMPS) and nucleoside diphosphate kinase-A (NME1 or NDPK-A), a prominent member of the nucleoside diphosphate kinase family (70), have additionally been implicated in migration and metastasis. In human melanoma samples, increased GMPS protein expression was found in metastatic lesions compared to localized tumors, and the pharmacological inhibition of GMPS decreased melanoma cell proliferation and invasion, both in vitro and in vivo (71). By contrast, NDPK-A expression in tumors has long been controversial. The gene name NME1 [NM23/NDP kinase (non-metastatic clone 23)] (72) originated with the observed inverse correlation of its increased expression with decreased metastatic potential in mouse models and some human cancers (70, 73). However, the following studies showed that NDPK-A expression was correlated proportionally with metastasis in neuroblastomas (74) and renal cell carcinomas (75). Also, NDPK-A knockout in mice was observed to lead to diminished tumor formation in vivo and decreased lung colonization in xenograft models (76).




Metabolic Compartmentalization of Purine Biosynthetic Enzymes Within the Leading Edge of Highly Motile Cancer Cells

In 2019, we found the striking localization of de novo purine biosynthetic enzymes as well as IMPDH1 and IMPDH2 at the membrane of the leading edge in metastatic renal cell carcinoma cell lines (11) (Figure 2B). All three enzymes of the GTP biosynthetic branch after IMPDH—GMPS, guanylate kinase (GUK1), and NDPK-A—were enriched significantly at the leading edge. Interestingly, we found a substantially greater colocalization at the leading edge of the cells in comparison to the cell body. Additionally, an essential enzyme for the GTP salvage pathway, HPRT1, was also enriched at the leading edge. Thus, all the GTP biosynthetic enzymes responsible for making GTP from IMP were localized at the leading edge (Figure 2B).

While not all enzymes of the ATP biosynthetic pathway were tested, three of the four enzymes that act sequentially in the pathway to convert IMP to ATP were also found to enrich at the leading edge (Figure 2B). The ATP salvage enzymes APRT and ADK were also found to enrich at this location (11) (Figure 2B).

Given that all 16 enzymes analyzed localized to the leading edge and colocalized with IMPDH1 and/or IMPDH2, our data suggests the formation of a GTP- and possibly also an ATP-specific metabolic compartment—GTP and ATP metabolons, respectively—at the leading edge of the motile cancer cells. These compartments are expected to increase the local concentration of GTP and possibly also ATP via local, compartmentalized synthesis for availability to enhance actin polymerization, microtubule organization, and signaling. Consistent with this model, our recent cell biological and pathophysiological studies suggest a significant role for the non-membrane compartmentalization of purine metabolism at the leading edge in cell motility and the metastasis of certain types of cancers (manuscript in preparation).



Translocation of a GTP Biosynthetic Enzyme to the Leading Edge Depends on F-Actin

Actin polymerization is required for the translocation of several proteins such as PI3K to the leading edge and the subsequent local induction of leading edge signaling (7, 77–80). Interestingly and mechanistically importantly, the enrichment of IMPDH1 and IMPDH2 at the leading edge was reduced following the inhibition of actin polymerization by latrunculin B treatment. The data suggest that F-actin polymerization could provide a mechanistic basis by which purine biosynthetic enzymes localize to the leading edge. Just as binding to actin filaments has been shown to enhance flux through the glycolytic pathway, it would be interesting to determine whether the enzymes involved in purine biosynthesis can directly bind to F-actin fibers during translocation and whether this potential binding leads to enhanced flux through the metabolic pathway. A potentially interesting experiment is to use inhibitors for F-actin or tubulin and assess the ATP and GTP distribution using their designated biosensors (81, 82). Future studies should clarify how F-actin polymerization induces IMPDH localization at the leading edge as well as whether the leading edge localization of other purine metabolic enzymes utilizes this actin-dependent localization.



Heterogenous Purine Nucleotide Metabolism in Cell Membrane-Proximal Regions

ATP is one of the most abundant metabolites in a cell, ranging from 1 to 5 mM in mammalian cells (83). Intracellular distribution of ATP, detected by several types of genetic ATP biosensors (81), shows discrete ATP levels in organelles (84–87). There is also a report showing elevated ATP in the cortical region (88). Importantly, the turnover rate of ATP is increased at the leading edge via the activities of actin and tubulin polymerization (89), which is consistent with the previously noted high energy expenditure of cytoskeletal reorganization. Furthermore, very excitingly, the recently developed ratiometric fluorescent GTP biosensors have shown that the intracellular distribution of GTP is heterogeneous in SK-Mel-103 melanoma cells, with high GTP levels in the cytosol near certain regions of the cell membrane (82). Although further studies are required to eliminate potential confounding effects that might arise from the unintended pH sensitivity of these GTP biosensors, the provocative observation of high local GTP levels near some regions of the cell membrane, together with our identification of what is likely a GTP metabolon at the leading edge, suggest that elevated GTP levels specifically at the leading edge are highly probable.



Possible Existence of Other Metabolons at the Leading Edge

Our results show that purine salvage enzymes, such as HPRT1, are also localized at the leading edge, raising the possible existence of metabolons of salvage ATP and GTP biosynthesis at the leading edge. In addition to the GTP and ATP metabolons, we expect that there are likely additional metabolons formed at the leading edge. For example, some key enzymes of glycolysis, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), and pyruvate kinase isozyme M2 (PKM2), localize to the leading edge membrane in macrophages and to cellular projections in migrating tip endothelial cells (90). In the report containing this data, although the existence of no other glycolytic enzyme at the leading edge was confirmed, the authors proposed that the localization of such ATP-generating enzymes at the leading edge might promote concentrated ATP production to fuel the polymerization of actin, with which these enzymes heavily colocalize (90–92). Although our own data show that GAPDH, a key rate-limiting enzyme for glycolysis (93), fails to enrich at the leading edge formation in kidney cancer cells (11), it is possible that GAPDH may either translocate to the leading edge under certain conditions or that its accumulation at the leading edge may not be necessary given its high general abundance in the cell. Regardless, it remains important to further verify the existence of a glycolytic metabolon at the leading edge.



Energy Homeostasis at the Leading Edge

Lastly, we highlight the possible links between homeostatic enzymes and leading edge activity. Adenylate kinase (AK)—which reversibly catalyzes the interconversion between 2ADP and 1ATP + 1AMP—is a critical enzyme for regulating cellular energy levels, and thus contributes to modulating the AMP-mediated response to stress signals (94, 95). In mouse embryonic fibroblasts, enforced localization of adenylate kinase 1 (AK1) to either focal contacts or the leading edge membrane significantly increases cell migration (96), supporting a notion of high metabolic turnover of ATP. Perhaps connecting to this observation, mitochondria have been shown to translocate to the leading edge through an AMPK-mediated mechanism to help sustain the local ATP:ADP ratio (97). The AMPK-dependent translocation of mitochondria to the leading edge suggests a locally enriched homeostatic system for ATP regeneration and recovery so that a high local ATP:ADP ratio may be maintained for robust leading edge activity. Currently, how AMPK induces the translocation of mitochondria remains largely unclear. Likewise, the dynamics of AMPK activation at the leading edge in relation to mitochondrial regulation remains unknown. Since AMPK is a known regulator of cell polarity (98), a possible model would be that downstream substrates of AMPK, which regulate cell polarity, may participate in the mitochondrial translocation. The use of AMPK biosensors may dissect the more detailed spatio and temporal regulation of AMPK activation and mitochondrial responses (99). Another potentially interesting experiment would be to compare the metabolic compartmentalization and ATP/GTP distribution in cells knocked out for AMPK or with mutations for the upstream kinase LKB1.



Concluding Remark

The importance of the discoveries highlighted in this text and the significance of the idea that metabolic compartmentalization may crucially fuel the leading edge during cell migration is currently underappreciated. Additional studies are badly needed to determine whether pharmacological inhibition of the purine biosynthetic enzymes is sufficient to decrease cancer cell migration and invasion. For instance, it will be of prime importance to investigate whether metabolic compartments form within invadopodia—membrane protrusions on the cell surface of tumor cells that mediate matrix cleavage for tumor invasion—and, if so, their functional significance in tumor invasion. Also, it will be critical to clarify the interplay between localized purine metabolism at the leading edge and molecules essential for leading edge functions, such as membrane type-I-matrix metalloproteinase (MT1-MMP) (100), Na+/H+ exchanger NHE1 (101), and RHO GTPases, to name a few. Such interactions, if they exist, would further induce coordinated changes promoting cell migration and metabolic responses—e.g., normoxic HIF1 upregulation by MT1-MMP and MINT3 pathway (102–104). With ongoing advances in sub-cellular biosensor technology and targeted therapeutics, our appreciation of the biological importance and therapeutic potential of the leading edge purine metabolon is only just beginning.
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Nuclear factor erythroid-2–related factor-2 (NFE2L2/Nrf2) is a transcription factor that regulates the expression of antioxidant genes. Both Kelch-like ECH-associated protein 1 (Keap1) mutations and Nrf2 mutations contribute to the activation of Nrf2 in non-small cell lung cancer (NSCLC). Nrf2 activity is associated with poor prognosis in NSCLC. Metabolic reprogramming represents a cancer hallmark. Increasing studies reveal that Nrf2 activation promotes metabolic reprogramming in cancer. In this review, we discuss the underlying mechanisms of Nrf2-mediated metabolic reprogramming and elucidate its role in NSCLC. Inhibition of Nrf2 can alter metabolic processes, thus suppress tumor growth, prevent metastasis, and increase sensitivity to chemotherapy in NSCLC. In conclusion, Nrf2 may serve as a therapeutic target for the treatment of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide (1). Non-small cell lung cancer (NSCLC) is the most common lung cancer type, including adenocarcinoma, squamous carcinoma, adenosquamous carcinoma, and large cell lung cancer, etc. During the past two decades, targeted therapy and immunotherapy have resulted in dramatic tumor response compared to conventional chemotherapy and radiotherapy in patients with NSCLC. Nevertheless, numerous patients can benefit from neither conventional and nor novel therapeutic approaches. More treatments are in need to offer possible solutions to patients with dead ends.

Metabolic reprogramming is a hallmark of cancer (2). Half a century ago, Otto Warburg firstly observed that unlike normal cells, tumor cells preferentially utilize glycolysis in an oxygen-rich environment, as called Warburg Effect. Recent studies revealed that cancer cells use multiple metabolic pathways to drive and maintain their malignant phenotypes. This metabolic shifting in cancer cells is regarded as metabolic reprogramming. For example, tumor cells consume glucose, lactate, pyruvate, hydroxybutyrate, acetate, glutamine, and fatty acids at much higher rates than their non-tumor equivalents, which enables tumor cells to produce enough ATP as an energy source and offer intermediate products for biosynthesis. Meanwhile, these processes also generate toxic substances. Therefore, maintenance of the reduction-oxidation (redox) balance is indispensable to promote tumor cell growth and metastasis (3, 4). Metabolic reprogramming is highly active and shows heterogeneity among patients with NSCLC (5). Thus, targeting the altered metabolic pathways holds promise as a novel strategy in NSCLC.

The Kelch-like ECH-associated protein 1-nuclear factor erythroid-2–related factor 2 (Keap1-Nrf2) signaling pathway plays a vital role in the protection against oxidative stress, such as ROS. Under normal conditions, Nrf2 is constitutively ubiquitinated by Keap1 and Cullin-3 E3 ligase and degraded by the 26S proteasomal pathway (6). Under oxidative stress conditions, Keap1-mediated Nrf2 degradation is abrogated by the oxidation of Keap1. Keap1 has more than 20 free sulfydryl (-SH) groups in its constituent cysteine residues, which are highly reactive functional groups acting as stress sensors. Intracellular ROS can modify Keap1 cysteine residues. These modifications result in a conformational change of Keap1, thereby preventing the proteasomal degradation of Nrf2 (7). Increased Nrf2 translocates to the nucleus, heterodimerizes with small Maf proteins, and induces the transcriptional activation of target genes with antioxidant response elements (AREs) in their gene regulatory regions (8). Thus, the Keap1-Nrf2 pathway maintains intracellular redox homeostasis.

Loss-of-function mutations of Keap1 and gain-of-function mutations of Nrf2 have been observed in lung cancer. Frank R et al. used next-generation sequencing (NGS) to analyze the tumor tissue of 1,391 patients with non-small cell lung carcinoma (NSCLC) and found that Keap1 mutations occurred in 11.3% (n = 157) and NRF2 mutations occurred in 3.5% (n = 49) of NSCLC patients (9). Both loss-of-function mutations of Keap1 and gain-of-function mutations of Nrf2 result in constitutive Nrf2 activity. Besides, other mechanisms, such as epigenetic hypermethylation of the promoter of Keap1, may also contribute to the accumulation and activation of Nrf2 in lung cancer. Chien MH et al. analyzed 238 lung cancer specimens using immunohistochemistry and revealed an inverse correlation between Nrf2 and Keap1 expression. They reported that patients with lung adenocarcinoma exhibiting a high expression level of Keap1 and a low expression level of Nrf2 had significantly better overall survival and disease-free survival than patients exhibiting a low expression level of Keap1 and a high expression level of Nrf2 (10).

Although Nrf2 has been widely recognized as an oxidative stress regulator, increasing studies have shown its role in manipulating cancer metabolism (2, 11–13). Nrf2 regulates multiple key metabolic genes in cancer cells directly through its ARE function or indirectly through the crosstalk with other transcription factors. Notably, Nrf2 controls multiple key enzymes in the network of metabolism, thereby altering the metabolic cascade, including carbohydrates, amino acids, lipid, and nucleic acid metabolism. As a result, Nrf2 alters the redox balance, providing a new plateau that favors tumor progression in NSCLC.

In this review, we outline the role of Nrf2 in cancer metabolism regulation, elucidate the crosstalk between Nrf2 and metabolic reprogramming, and discuss the potential therapeutic targets in NSCLC.



Nrf2-Mediated Metabolic Reprogramming in Lung Cancer

As mentioned above, Nrf2 accumulates in the nucleus, heterodimerizes with small Maf proteins, and induces the expression of genes harboring an ARE in their regulatory regions. Well-known genes regulated by Nrf2 include NAD(P)H dehydrogenase, quinone 1 (NQO1), glutamate-cysteine ligase, modifier subunit (GCLM), heme oxygenase (decycling) 1 (HMOX1), etc. (14–16).

Namani A et al. analyzed Chip-Seq and microarray data of A549 cells and performed KEGG pathways analysis. They found that target genes of Nrf2 are involved in metabolic pathways, including porphyrin and chlorophyll metabolism, glycolysis/gluconeogenesis, pentose phosphate pathway (PPP), pyruvate metabolism, fructose, and mannose metabolism, metabolism of xenobiotics by cytochrome P450, glutathione metabolism, arachidonic acid metabolism, ascorbate, and aldarate metabolism, pentose and glucuronate interconversions, and steroid hormone biosynthesis (17).


Reactive Oxygen Species

Reactive oxygen species (ROS) are produced in eukaryotic cells through aerobic metabolism, including superoxide, hydrogen peroxide, hydroxyl radical, singlet oxygen, peroxyl radical, alkoxyl radical, lipid hydroperoxide, peroxynitrite, and hypochlorous acid (18). They can be generated both in the cytoplasm by NADPH oxidases (NOX), xanthine oxidase, cyclooxygenases, and cytochrome P450 enzymes, and in the mitochondria by the respiratory chain, monoamine oxidases (MAOs), p66shc, and NOX4 (19). ROS are important signaling molecules. The tight regulation of ROS levels is crucial for cell fate determination. Under normal conditions, moderate ROS enhances cell proliferation and differentiation. However, when ROS production increases rapidly or ROS elimination decreases heavily, cells encounter a condition known as oxidative stress. Excessive ROS cause oxidative damage to proteins, lipids, and DNA (20). In NSCLC, abundant energy production and synthesis of biological molecules are indispensable to maintain the malignant behavior of tumor cells. The levels of ROS are thought to be well-regulated in order to drive tumor progression in NSCLC.

Nrf2 is often considered as the main regulator of ROS (21). Increased levels of ROS in the cytoplasm lead to disassociation of Keap1 and Nrf2. Thereby, Nrf2 enters the nucleus to function as an anti-oxidative transcription factor (22). Nrf2-regulated genes prevent the oxidation of Cys residues directly or indirectly through the cascade reaction of enzymes to reduce the ROS modification of Cys. The knockdown of Nrf2 in NSCLC cell lines can increase the endogenous level of ROS dramatically and enhance their sensitivity to radiation therapy (23). Nrf2-mediated ROS homeostasis results in paclitaxel chemoresistance via PI3K/Akt pathway in NSCLC (24). Besides, through the regulation of ROS, Nrf2 also affects cholesterol synthesis by preventing the silencing of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, the rate-limiting enzyme of cholesterol synthesis, by the inhibition of ROS (25).



NADPH Synthesis

Nicotinamide adenine nucleotide phosphate (NADPH), one of the most important elements of cell metabolism, is required in lipid, glucose, and nucleotide biosynthesis and regulation (26, 27). Nrf2 plays a crucial role in NADPH metabolism. Most NADPH-related genes are regulated by Nrf2, including four NADPH generating enzymes glucose-6-phosphate dehydrogenase (G6PD), isocitrate dehydrogenase (IDH1), malic enzyme 1 (ME1), and phosphogluconate dehydrogenase (PGD). The knockdown of Nrf2 expression decreases the NADPH level and the NADPH/NADP+ ratio (27, 28). Further studies suggested that Nrf2 related chemoresistance can be induced when the degradation of NOX2 is interfered, thereby less ROS is produced to perform the cytotoxic effect and become chemoresistance (29). In NSCLC, NADPH-related genes, NOX2, and NOX4 are overexpressed, which play as a metabolic promotor in glycolysis, glutamine, and lipid metabolism, thereby resulting in tumor progression and resistance (30, 31).



Pentose Phosphate Pathway

The PPP is crucial for cancer, not only providing NAPDH for biosynthesis but also working as the major nucleic acid supplier (32). As mentioned, Nrf2 regulates the major NADPH produce enzyme, G6PD, and PGD, which are from the oxidative phase of PPP (11). This suggests the ability of Nrf2 to control the NADPH level in cell metabolism. The non-oxidative stage of PPP is also regulated by Nrf2, where transaldolase 1 (TALDO1) is directly regulated by Nrf2 with its ARE function (33, 34). In KrasG12D mutated lung cancer, Keap1 mutation leads to high Nrf2 levels thereby positively regulating TALDO1 levels to promote oncogenesis and cancer development via PPP levels. Moreover, the adoption of PPP inhibitor 6-aminonicotinamide (6-AN) can reverse cancer-promoting events and prevent cancer progression in vivo (35).



Glutathione Regulation

As a powerful antioxidant, glutathione (GSH) plays a vital role in tumor growth and metastasis. Tumor samples of NSCLC have higher levels of GSH compared with normal lung tissues, along with higher GSH uptake ability (36). Moreover, patients with NSCLC who underwent standard chemotherapy were found with higher levels of GSH in plasma (37). In the scenario of radiotherapy, GSH acts as the key protector of radiation injury. Nrf2 is one of the key regulators of GSH metabolism. GSH synthesis enzyme glutamate-cysteine ligase and glutathione synthetase are target genes of Nrf2 (38, 39). Glutaminase (GLS), which can catalyze glutamine into glutamate is also promoted by Nrf2 (11). Besides, the expression of SLC7A11, the light chain subunit of the Xc- antiporter system (xCT) is activated by Nrf2. xCT performs as the translocator of cystine and glutamate, while cystine is imported into the cell by xCT, and glutamate is exported (40). In Keap1 mutant NSCLC, high levels of Nrf2 enhance the cell dependency on GSH. A high level of Nrf2 expression can result in stronger radiotherapy resistance through the effect of GSH (23).



Lipid Metabolism

Although the main physical lipid metabolism organ is the liver, it plays a dramatic role in the functioning of the lung, especially on the surface of pulmonary alveoli. Lipid metabolism is also involved in NSCLC development. Studies showed that lipid synthesis is the metabolic liability of lipid metabolism in NSCLC (41). Different from normal tissue, NSCLC shows an enhanced lipid synthesis ability to favor its lipid demand due to rapid cell proliferation. When cancer cells are in a glucose deprived scenario, lipid oxidation becomes the main source of ATP, NADPH, and FADH2 (42).

In general, Nrf2 plays as a negative regulator to lipid levels. Nrf2 regulates several lipases at the lung site, including lipase, member H (LIPH), phospholipase A2, group vii (PLA2G7), and patatin-like phospholipase domain containing 2 (PNPLA2) (43). Biologically these lipases are involved in the starvation response to triglycerides and phospholipids degradation. On the other hand, stearoyl CoA desaturate 1 (SCD1), the rate-limiting enzyme in lipid synthesis, is reported negatively regulated by Nrf2, no matter in genetic and pharmacological activated model (44). The knockout of Nrf2 shows high levels of SCD1 expression, thereby a higher triglyceride level is observed (45). SCD1 can deactivate AMP kinase (AMPK), thus activate acetyl-CoA carboxylase 1 (ACC1) activity, resulting in the formation of complex lipids (46). ACC1 is another key enzyme in de novo lipid synthesis, which is also regulated by Nrf2 (27). ACC1 catalyzes acetyl-CoA to malonyl-CoA. In the scenario of NSCLC, the ACC family is highly expressed in many cell lines. ACC is observed as participated in tumor proliferation (41). Inhibition of ACC1 expression by CRISPR-Cas9 system shows markedly proliferation defects, but this phenomenon can be rescued by the treatment of outsourcing fatty acid, suggesting the irreplaceable role of ACC1 in NSCLC development (47). Moreover, increasing of ACC1 will lead to apoptosis of cisplatin-resistant lung cancer cells (48).

In addition, Nrf2-mediated downregulation of ACC1 and SCD1 will decrease the levels of malonyl-CoA, thereby result in higher fatty acid oxidation. Malonyl-CoA is a natural inhibitor of carnitine palmitoyltransferase 1 (CPT1), which mediates lipid transportation into mitochondria and undergo oxidation (49). CPT1 is considered as the rate-limiting enzyme of mitochondrial oxidation of lipids. Another Nrf2-mediated translocase CD36 also participated in lipid oxidation in the same manner (50). Other Nrf2 target genes that regulate lipid oxidative include nuclear receptor retinoid X receptor alpha (RXRa) and peroxisome proliferator-activated receptor-gamma (PPARg) (51). In summary, Nrf2 can mediate lipid oxidation through its downstream gene expression directly or indirectly manipulate mitochondrial transportation of lipids.



Glycolysis and Gluconeogenesis

The Warburg effect depicts the dependency of the glycolysis of tumor cells. In NSCLC, inhibition of Nrf2 leads to a low glycolysis condition in cell metabolism, suggesting the role of Nrf2 in maintaining basic energy supply in NSCLC. As mentioned in Pentose Phosphate Pathway, whether glucose will be utilized through glycolysis or PPP will be affected by Nrf2 since its downstream control of G6PD activity, the PPP determinator. Another target regulated by Nrf2 in glycolysis is pyruvate kinase (PK), the key enzyme of glycolysis which catalyzes phosphoenolpyruvate to pyruvate (44). However, affecting PK activity, the rate-limiting enzyme of glycolysis will channel glucose metabolism toward PPP, which will lead to phospholipid synthesis. In the scenario of cancer, PK inhibition leads to PPP promoting will end up with carcinogenesis related biosynthesis and redox defense through high NADPH level (52).

Phosphoenolpyruvate carboxykinase (PCK1) is the key enzyme of gluconeogenesis, which can regulate Nrf2 level negatively in cancer cell lines (52). Nrf2 will thereby regulate thioredoxin reductase 1 (TXNRD1) to induce cell proliferation. The downstream targets of Nrf2 function also include several gluconeogenesis genes. Studies about in vivo diabetic model suggested that Nrf2 is associated with the cAMP-CREAB pathway, which negatively regulates gluconeogenesis through FBP1 (fructose-1,6-bisphosphatase 1), PGC1a (peroxisome proliferator-activated receptor g coactivator 1-a), and NR4A2 (nuclear receptor subfamily 4, group A, member 2) (53).



Nrf2 in Iron Metabolism and Ferroptosis

Iron is one of the microelements of the human body, which is well known as a functioning unit in heme as an oxygen carrier. Iron also participates in several metabolic diseases. Lack of iron will cause anemia, hypotrichosis, while overload of iron will result in hepatic fibrosis or hepatic cancer (54). Nrf2 was firstly identified as an erythroid gene regulator, where ATP binding cassette subfamily B member 6 (ABCG6) and Ferrochelatase (FECH) are enzymes that participated in heme synthesis. Biliverdin reductase A and B (BLVRA and BLVRB), HMOX1 are downstream genes of Nrf2 in heme catabolism. ferritin heavy chain (FTH1) and ferritin light chain (FTL) is in charge of iron pool homeostasis (55). Lignitto L et al. showed that heme causes the degradation of Bach1, a pro-metastatic transcription factor by promoting its interaction with the ubiquitin ligase Fbxo22. They found that Nrf2 overexpression in lung cancer promotes the stabilization of Bach1 by inducing HO1, the enzyme catabolizing heme (16). Wiel C et al. found that long-term supplementation with the antioxidants N-acetylcysteine and vitamin E promotes lung cancer metastasis by reducing levels of free heme and stabilizing BACH1. Moreover, they revealed that BACH1 activates the transcription of Hexokinase 2 and GAPDH and increases glucose uptake ability, glycolysis rates, and lactate secretion, resulting in glycolysis-dependent metastasis of lung cancer cells (56). These studies revealed that Nrf2 participates in metabolic reprogramming in NSCLC.

In the past decade, increasing studies suggest the appealing role of iron homeostasis in cancer development and progression (45, 57–59), while Nrf2 plays a critical role in shifting iron metabolism toward the cancer phase (55). Studies have shown HMOX1 has a non-enzyme function to promote chemoresistance in lung cancer (60). Nrf2 and HMOX1 synergy will induce angiogenesis through the activation of thymidine phosphorylase in lung cancer cells (61). FTH1 and FTL lead iron deficiency will start cascade events to proliferate gene activation and tumor necrosis factor α (TNFα) tolerance (55).

Recently, an iron-dependent, programmed cell death was discovered and named ferroptosis (62). The accumulation of free iron in cell plasma will cause lipid peroxidation through Fenton Reaction, thus lipid peroxidation will sabotage the integrity and functions of the membrane system and lead to cell death (63). The morphology of ferroptosis will start with mitochondrial shrinkage. Lipid peroxidation in ferroptosis can also be initiated by ROS, especially hydroxyl radical and hydroperoxyl radical. By contrast, lipid peroxidation can be reduced by glutathione peroxidases, such as glutathione peroxidase 4 (GPX4). Ferroptosis has been confirmed as one of the major pathways related to chemoresistance and radiotherapy resistance in lung cancer (64). During lung cancer progression, ferroptosis also has a role as a selector to tolerate a high oxygen environment (65).

In general, Nrf2 plays as a protector of lung cancer cells from ferroptosis. Nrf2 regulated iron pool-related genes including FTH1 and FTL can control ferroptosis through the level of free iron in the cytosol. On the other hand, the NADPH level regulated by Nrf2 will also affect the process of ferroptosis through the GSH level. Solute carrier family 7 member 11/System xCT (SLC7A11) promoted by Nrf2 can increase intracellular cysteine, which also leads to a high GSH level to protect lipid peroxidation. A recent study shows antioxidator NOX4, downstream gene of Nrf2, can reverse lipid peroxidation with NADPH.



Mitochondrial Metabolism

The role of Nrf2 in mitochondrial structure and function has attracted extensive interests recently. Knockdown of Nrf2 results in the decrease of ATP production in cancer cells (66). By contrast, activation of Nrf2 leads to increased ATP production, high basal mitochondrial membrane potential, and low GSH level in lung cancer cell lines (65, 66). Nrf2 modulates mitochondrial metabolism not only by manipulating substrates providing, such as NADPH and FADH2, but also directly by regulating genes that participate in the respiratory chain complex (67). Nrf2 positively regulates the transcription of nuclear respiratory factor 1, which is the key regulator of the expression of respiratory complexes (68, 69), including subunits of complex IV cytochrome c NADH Dehydrogenase 1 Alpha Subcomplex (NDUFA4), cyclooxygenase-2 (COX2) and cyclooxygenase 4I1 (COX4l1) (70) Moreover, studies suggest that Nrf2 also participate in mitochondria biogenesis (69, 71). Under oxidative stress, Nrf2 controls the expression of the gene encoding uncoupling protein 3 (UCP3), which maintains an inner mitochondrial membrane function to relieve superoxide production (72). These studies indicate that the intricate role of Nrf2 in regulating the bio function of mitochondria. However, whether Nrf2-mediated mitochondrial metabolism reprogramming affects NSCLC growth and progression remains unclear.



Therapeutic Approaches

As we discussed above, Nrf2 has been recognized as an important driver in the development and progression of NSCLC. Therefore, targeting Nrf2 and its downstream molecules is a hot research topic now and various types of Nrf2 inhibitors have been developed in the field of cancer therapy. Singh A et al. developed a small molecule inhibitor of Nrf2, ML385 (73). ML385 can bind to Neh1, the Cap “N” Collar Basic Leucine Zipper (CNC-bZIP) domain of Nrf2, and interfere the binding with the V-Maf Avian Musculoaponeurotic Fibrosarcoma Oncogene Homologue G (MAFG) to regulatory bind with target DNA sequences. In vitro and in vivo experiments, ML385 selectively inhibits the proliferation of NSCLC cells with Keap1 mutation. Further study showed that ML385 substantially enhances paclitaxel, doxorubicin, or carboplatin cytotoxicity against lung cancer cells with Keap1 mutation (73). Romero R et al. found that KRAS-driven lung tumors that bear Keap1 or Nrf2 mutations depend heavily on glutaminolysis for carcinogenesis (74). Pooled CRISPER/Cas9 sgRNA library revealed that Solute carrier family 1 member 15 (SLC1A5), a glutamine transport enzyme, is the key element responsible for this effect. CB-839, a glutaminase inhibitor, inhibits the growth of KARS and Keap1 co-mutated lung cancer (75, 76). Another small molecule with anti-cancer efficacy is ND-646, an ACC inhibitor (77). ND-646 can bind to the BC domain that contains phosphorylated AMPK interaction target, thereby preventing ACC from dimerization and downstream activation to fatty acid synthesis. In vivo studies showed that ND-646 inhibits the growth of NSCLC cells. Moreover, the detailed analysis demonstrated that ND-646 has better anti-cancer efficacy in NSCLC with KRAS mutation.

These studies showed that targeting Nrf2 and its downstream molecules can interfere with cancer metabolisms, such as glutaminolysis and fatty acid synthesis. It may serve as an effective strategy in the treatment of NSCLC.




Conclusion and Perspectives

Metabolic reprogramming of tumor cells has undergone drastic discussions during the past decade. However, the real scenario has not been fully elucidated and still needs deeper exploration. In this review, we summarize the role of Nrf2 in metabolic reprogramming and propose that Nrf2 and its downstream molecules may serve as potential therapeutic targets in NSCLC (Figure 1). As the main factor in response to oxidative stress, the functions of Nrf2 have been widely identified in the process of tumor growth, progression, and resistance of NSCLC. In addition, various studies have shown that Nrf2 plays an important role in the metabolic reprogramming of NSCLC, including NADPH synthesis, lipid metabolism, ROS equilibrium, glucose metabolism, mitochondrial functioning and iron activity. The crosstalk between Nrf2 and metabolic reprogramming is considered as a decisive power during NSCLC development and progression. Further studies may reveal the underlying mechanisms of Nrf2-mediated metabolic reprogramming and offer therapeutic targets for the treatment of NSCLC.




Figure 1 | Regulation of major metabolism pathways by Nrf2. Nrf2 plays an essential role in regulating major metabolism pathways. As shown in the figure, genes in red and blue font indicate positive and negative regulation by Nrf2, respectively. In glycolysis, Nrf2 activation results in the downregulation of pyruvate kinase (PK). In pentose phosphate pathway, glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (PGD) is rate-limiting enzymes, which are positively regulated by Nrf2. Nrf2 also controls the non-oxidative part of pentose phosphate pathway by increasing the levels of transaldolase 1 (TALDO1) and transketolase (TKT). In terms of NAPDH metabolism, G6PD and PGD are key enzymes of NADPH production. Nrf2 also positively regulates malic enzyme 1 (ME1) and isocitrate dehydrogenase 1 (IDH1), indicating that NADPH generation depends heavily on Nrf2. Nrf2 also participates in glutathione metabolism. Glutamate-cysteine ligase catalytic (GCLC) and modifier (GCLM) subunits regulated by Nrf2 consume NADPH in the synthesis of glutathione. Other ingredients of glutathione including glutamate and cysteine are leveled by system Xc- (xCT), another Nrf2 targeted gene, which can channel the movement of glutamate and cysteine. Iron metabolism is controlled by Nrf2 in the heme metabolism arm and iron storage arm. ATP binding cassette subfamily B member 6 (ABCG6) and Ferrochelatase (FECH) participate in heme synthesis. Biliverdin reductase A and B (BLVRA/B) and heme oxygenase (decycling) 1 (HMOX1) are enrolled in heme degradation. Ferritin light chain (FTL) and ferritin heavy chain 1 (FTH1) engage in iron pool balance. These proteins are directly or indirectly regulated by Nrf2. Ferroptosis induced by the accumulation of free iron results from peroxidized fatty acids, which can be rescued by glutathione peroxidase 4 (GPX4), regulated by Nrf2. Further, fatty acid metabolism is negatively adjusted by Nrf2. ATP-citrate lyase (ACL), acetyl-CoA carboxylase 1 (ACC1), fatty acid synthase (FASN), and stearoyl CoA desaturase 1 (SCD1) are key enzymes in fatty acid synthesis. In terms of fatty acid oxidation, Nrf2 positively regulates carnitine palmitoyltransferase 1 (CPT1) and CD36, which channel fatty acids through the membrane of mitochondria for oxidation. The influence of Nrf2 on fatty acid metabolism can alter ferroptosis, as it may affect the distribution of fatty acids.
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Adoptive T cell therapy (ACT) is highly effective in the treatment of hematologic malignancies, but shows limited success in solid tumors. Inactivation of T cells in the tumor milieu is a major hurdle to a wider application of ACT. Cytotoxicity is the most relevant activity for tumor eradication. Here, we document that cytotoxic T cells (CTL) in lactic acidosis exhibited strongly reduced tumor cell killing, which could be compensated partly by increasing the CTL to tumor cell ratio. Lactic acid intervened at multiple steps of the killing process. Lactic acid repressed the number of CTL that performed lytic granule exocytosis (degranulation) in tumor cell co-culture, and, additionally impaired the quality of the response, as judged by the reduced intensity of degranulation and lower secretion of cytotoxins (perforin, granzyme B, granzyme A). CTL in lactic acid switched to a low bioenergetic profile with an inability to metabolize glucose efficiently. They responded to anti-CD3 stimulation poorly with less extracellular acidification rate (ECAR). This might explain their repressed granule exocytosis activity. Using live cell imaging, we show that CTL in lactic acid have reduced motility, resulting in lower field coverage. Many CTL in lactic acidosis did not make contact with tumor cells; however, those which made contact, adhered to the tumor cell much longer than a CTL in normal medium. Reduced motility together with prolonged contact duration hinders serial killing, a defining feature of killing potency, but also locally confines cytotoxic activity, which helps to reduce the risk of collateral organ damage. These activities define lactic acid as a major signaling molecule able to orchestrate the spatial distribution of CTL inside inflamed tissue, such as cancer, as well as moderating their functional response. Lactic acid intervention and strategies to improve T cell metabolic fitness hold promise to improve the clinical efficacy of T cell–based cancer immunotherapy.
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Introduction

Immunotherapies, foremost immune checkpoint blockade (ICB) and adoptive T cell therapy (ACT), have changed the landscape of cancer treatment by producing long-lasting and durable responses in a number of patients, even in those where all available treatment options have failed to control tumor growth. ICB therapy utilizes antibodies directed against immune inhibitory molecules (PD-1/PD-L1, CTLA-4) thereby reactivating the “exhausted” endogenous antitumor immune response (1–3). ACT utilizes tumor-reactive T cells that were generated or reactivated ex vivo and are re-infused into the patient (4–8). This provides the means for tumor control to those patients who were not able to raise an effective endogenous antitumor response. Despite significant clinical success of both approaches, the majority of patients either do not respond at all or experience relapse after initial response (2, 6, 9–12). Both strategies rely on the capacity of the T cell to interact and destroy the tumor cells. Different studies document that T cells are non-functional in the tumor microenvironment (TME) (13–21). Loss of effector function in the TME not only occurs through checkpoint pathways (i.e. PD-1/PD-L1, CTLA-4), but multiple other mechanisms curb T cell activity, including suppressor cells (i.e., TAM, Treg), cytokines (i.e., IL-10, TGF, VEGF) and various metabolites of the TME (22–27).

Lactate and acidosis are commonly observed in solid tumors, as tumor cells generate their energy through glycolysis, often despite the presence of oxygen, a phenomenon known as the Warburg effect (28–30). Lactate levels between 10 mM up to 40 mM are reported, with acidification below pH 6.5 (31).

Tumor lactic acidosis has been correlated with tumor aggressiveness and poor clinical outcome (30–35). In addition to affecting tumor cells themselves, lactate as well as acidosis have been shown to influence various immune cells in multiple ways. Lactate programs macrophages towards a pro-tumoral M2 type (36, 37), promotes survival and proliferation of myeloid-derived suppressor cells and inhibits immune-stimulatory activities of dendritic cells as well as their migration (38, 39). Moreover, lactic acidosis blunts the activity of T and NK cells (27, 40–43).

T cells, in particular the CD8+ cytotoxic T cells (CTL), are major players in the antitumor responses as they have the ability to directly kill tumor cells and secrete cytokines, such as interferon-gamma (IFN-γ), that can upregulate MHC and antigen presentation to foster T cell recognition of tumor cells.

We and others have shown that lactic acid has a concentration-dependent negative impact on the function of T effector cells severely inhibiting T cell IFN-γ secretion upon tumor cell recognition by selectively targeting signaling pathways including JNK/c-Jun and p38 (27). Both lactate and protons were required for IFN-γ inhibition, and neutralization of the extracellular pH re-established cytokine production (27, 40, 41, 43). While strong and reversible effects of lactic acid on T cell cytokine production were demonstrated, the T cell degranulation was only moderately affected. Reports from the literature suggest reduced killing of target cells in human and mouse models (41, 42, 44). How lactic acidosis infers with the killing process has not been studied in detail.

Since target cell killing is the functionally most relevant activity of a lymphocyte as it results in the elimination of the pathogen-infected cell or tumor cell, we now investigated how lactic acid affected target cell killing. We report that lactic acidosis intervenes at several steps of the killing process, including CTL motility arrest and prolonging CTL contact duration with tumor cells, as well as reducing the quality of the cytotoxic response. Switching CTL to a low bioenergetic profile with inability to metabolize glucose efficiently may be an underlying cause of both processes cumulating in reduced killing potency.



Results


Tumor Milieu Suppresses Lytic Granule Exocytosis Through Its Component Lactic Acid

We have shown previously that CD8+ T effector cells from human renal cell carcinoma (RCC) tissue are unable to kill target cells (18). To elucidate tumor milieu conditions that might impair a T cell’s lytic activity, we employed an in vitro culture where we exposed the primary, non-immortalized cytotoxic T effector cell line (CTL-JB4) (27, 45) to increasing concentrations of tumor milieu. To generate the tumor milieus, tumor cells were cultured at increasing cell densities from 0.5 × 106/ml to 5 × 106/ml. The cell-free culture supernatants were harvested after 40 h and used as “tumor milieu” (tumor supernatant: TS1-TS10) in T cell stimulation assays (Figure 1A). To test how the tumor milieus affected the lytic activity, the CTL-JB4 was stimulated with its target tumor cell (RCC-26) in the tumor milieus and lytic granule exocytosis (degranulation) was determined, which is the first step in the killing process (46–48). It was observed that the fraction of CTL-JB4 that responded with degranulation (i.e., CD107+ CTL-JB4) gradually decreased when CTL-JB4 were stimulated in increasingly concentrated tumor milieu (Figure 1B). Lactate and acidity increased in concentrations from TS1 to TS10. Lactate with acidification of the extracellular milieu are commonly observed in solid tumor milieus due to the high glycolytic activity of tumor cells, reaching up to 40 mM lactate and pH values as low as 6.3 in solid tumors (30). In the next step, we could show that the sole addition of lactic acid to cell culture medium recapitulated the effect of the tumor milieus causing concentration-dependent inhibition of degranulation (Figure 1C). These results demonstrated that the tumor milieu through its lactic acid impaired in a concentration-dependent manner the capacity of CTL-JB4 to mobilize lytic granule exocytosis in response to stimulation with tumor cells.




Figure 1 | Tumor milieu suppresses CTL lytic granule exocytosis through lactic acidosis. (A) Tumor milieus (TS) were generated by culturing tumor cells (KT195) at increasing densities from 0.5 × 106 cells/ml to 5.0 × 106 cells/ml for 40 h. Cell-free tumor supernatants were harvested (TS1 to TS10) and the concentrations of lactate and pH were determined. (B) CTL were stimulated with its tumor target (RCC-26) in TS1 to TS10 conditions, or normal medium (M), for 5 h and CTL degranulation was determined by staining CD107 (a marker of lytic granules) on the CTL surface and detection by flow cytometry. Percentages of CD107+ CTL in M and TS1 to TS10 (bars), concentrations of lactic acid (red line) and pH values (blue line) of TS1 to TS10. N = 3–29 independent experiments. (C) Percentages of CD107+ CTL in M and M supplemented with increasing concentrations of lactic acid (bars), blue line is the corresponding pH. N = 2–21 independent experiments. Values are the mean ± standard error of the mean (SEM).



During lytic granule exocytosis, lytic proteins are vectorially transferred from the CTL to the target cell (46) where apoptosis is then initiated leading to target cell death. Target cell killing is one of the functionally most relevant activity of a lymphocyte as it results in the elimination of the pathogen-infected cell or tumor cell. Therefore, we tested in the next experiments how lactic acid affected lytic protein release and target cell killing.



Lactic Acid Impairs CTL-Mediated Tumor Cell Killing and Lytic Protein Release

The effect of lactic acid on tumor cell killing was assessed by incubating CTL-JB4 with its tumor target in medium supplemented with lactic acid (L). After 5 h, the percentage of killed tumor cells was determined by flow cytometry. In medium containing lactic acid, CTL-JB4-mediated tumor cell killing was significantly lower compared to the killing in normal medium (41% vs. 81%) (Figure 2A). Concomitantly, the fraction of CD107+ degranulating CTL-JB4 was decreased to 13% (± 3) compared to 73% (± 5.5) in normal conditions (Figure 2B). Additionally, CTL-JB4 maintained higher intracellular levels of perforin, granzyme B and granzyme A after stimulation in medium with lactic acid, indicating that lytic protein release was impaired by lactic acid (Figure 3A, n = 6). The inhibition of release was moderate but stably seen in six experiments. The release of lytic granules is not a uniform kinetic process, rather CTL secrete quanta of lytic granules towards individual target cells to rapidly annihilate them while sparing lytic potential for further encounters (49, 50). Viewed dynamically, we observed that in the first hour of stimulation the lytic protein release from CTL-JB4 was comparable in lactic acid and medium, but thereafter stagnated in lactic acid (Figures 3B, C).




Figure 2 | Lactic acid impairs CTL-mediated tumor cell killing. CTL-JB4 were stimulated for 5 h with RCC-26 target cells in the presence of KT195 non-target cells (1:1:1) in medium (M) and in medium supplemented with lactic acid (L, 20 mM lactic acid, pH 6.3 ± 0.07). (A) CTL-mediated specific killing of RCC-26 tumor target cells in M and L. Mean ± SEM of 12 independent experiments. (B) CTL degranulation in response to stimulation with RCC-26 target cells in M and in L determined by measuring CD107 on the T cell surface by flow cytometry. Depicted is the mean ± SEM of 8 independent experiments. Paired t-test was used for statistical analysis.






Figure 3 | Lactic acid impairs lytic protein release. CTL-JB4 were stimulated in medium (M) or medium supplemented with lactic acid (L, 20 mM lactic acid, pH 6.3 ± 0.07) with anti-CD3/CD28 beads (1:1) for 4 h. Cells were harvested at time points 0, 1, 2, 3, and 4 h and stained after permeabilization with anti-perforin-FITC, anti-granzyme B-PE and anti-granzyme A-FITC. The intracellular content of protein was determined by flow cytometry and expressed as the mean fluorescence intensity (MFI). (A) Intracellular protein content (ic-perforin, ic-gzmB, ic-gzmA) at the 4 h time point of stimulation in M and L. Bars are the mean of MFI at 4 h normalized to the 0 h time point ± SEM of 6 independent experiments. Multiple t-test was used for statistical analysis. (B) Kinetics of lytic protein release during stimulation in M and L. Line graphs show the intracellular perforin, granzyme B and granzyme A in CTL at indicated time points relative to 0 h in M or L, respectively. Symbols are the mean of 6 independent experiments, ± SEM. (C) Exemplary histograms of intracellular perforin, granzyme B and granzyme A in CTL-JB4. Histogram obtained in medium (black line) are overlayed with that in lactic acid medium at each time point (red filled histograms). The histograms of the different time points of stimulation are stacked.





Lactic Acid Drives CTL Into a Low Bioenergetic State With Minimal Glycolytic Response to Stimulation

Since the release of lytic proteins was only moderately inhibited we assessed the T cell metabolism to gain understanding how lactic acid might interfere with the CTL’s killing function. Glucose uptake and glycolysis, but also mitochondrial respiration, are described to be important for executing effector function (51–53). Indeed, absence of glucose from the medium reduced the degranulation capacity of the CTL-JB4 and the presence of 2-deoxy-D-glucose (2-DG), an inhibitor of glycolysis (54), completely abolished degranulation (Figure 4A), confirming a role of glucose for CTL-JB4 function.




Figure 4 | Lactic acid drives CTL into a low energetic state with minimal glycolytic response to stimulation. (A) Degranulation in glucose-restricted conditions. CTL-JB4 were stimulated with anti-CD3/CD28 beads (1:1) for 5 h in medium, medium without glucose or medium with 2-Deoxyglucose (2-DG). Degranulation was measured by staining CD107 on the CTL-surface and detection by flow cytometry. (B–F) Bioenergetic assessment of CTL. CTL were stimulated with anti-CD3 in medium (black symbols) or lactic acid medium (10 mM, pH 6.75, red symbols) and extracellular acidification (ECAR) and oxidative consumption rate (OCR) were determined using Seahorse technology. (B) Energy map of CTL in lactic acid (L, red symbols) and medium (M, white symbols) shows the energetic profile (ECAR/OCR) at basal condition (unstimulated) (circle), after anti-CD3 stimulation (square) and after mitochondrial uncoupling (FCCP) (triangle). Values are means ± SD of OCR and ECAR. (C) Glycolytic activity in M and L, determined as ECAR before, during stimulation and after mitochondrial uncoupling. (D) Calculated basal ECAR (before stimulation), and ECAR in response to stimulation (last measured point before Oligomycin injection). Significance was tested using unpaired t-test. (E) OCR kinetics in M and L. (F) Calculated basal respiration, maximal respiration (maximum rate measurement after FCCP injection subtracted by non-mitochondrial respiration) and spare respiratory capacity (maximal respiration subtracted by basal respiration). Bars are the mean ± SEM of 2 independent experiments. Multiple t-test was used for statistical analysis.



The energy map, determined through metabolic profiling using the Seahorse technology, indicated that exposure to lactic acid drove CTL-JB4 to a low energetic state with only minimal capacity for glycolysis even after stimulation (Figure 4B, square icon). At the same time, CTL-JB4 in lactic acid seemed to have acquired a higher aerobic state compared to CTL-JB4 in medium suggesting higher respiratory capacity. This might be in line with a suggestion by the group of E. Pearce that T cells during activation fail to maintain mitochondrial biogenesis and thereby lose reserve energy-generating-capacity (55). Thus, CTL-JB4 in lactic acid may maintain mitochondrial biogenesis as a result from their lower activation state. Additionally, lactate is described to participate in mitochondrial biogenesis (56) and might thereby enhance the CTL’s oxidative metabolic state.

The energy map is a compiled presentation of glycolytic and respiratory states. Considering glycolysis individually, CTL-JB4 in lactic acid compared to CTL-JB4 in medium were found to consume less glucose in unstimulated conditions (indicated by lower basal extracellular acidification rate, ECAR) and, upon stimulation, were not able to upregulate glucose consumption to high levels as observed in medium (Figures 4C, D). Regarding mitochondrial respiration, no significant differences were observed between CTL-JB4 in medium containing lactic acid and CTL-JB4 in normal medium, yet a trend toward higher maximal respiration and spare respiratory capacity was evident for CTL-JB4 in lactic acid medium (Figures 4E, F), as suggested by the energy map.



CTL in Lactic Acid Have Lower Motility and Contact Fewer Tumor Cells With Extended Contact Duration

Target cell killing is a multistep process, the potency of which is not only defined by static processes of CTL degranulation and lytic protein transfer, but notably influenced by kinetic variables, including CTL motility which determines the number and duration of possible contacts with tumor cells. Initially, we examined the motility of CTL in glucose-restricting environments. In both glucose-free-medium and in medium with 2-DG, the number of motile CTL was lower than in medium (p = 0.0001; Figure 5A). Thus, glucose is required for CTL motility and lactate through its suppression of glycolysis could cause motility arrest.




Figure 5 | CTL in lactic acid have reduced motility and contact fewer tumor cells with extended contact duration. (A) CTL-JB4 motility was imaged in medium, glucose-free medium and medium supplemented with 2-DG for 4 h in collagen matrix. Recording started at 90 min (the time required for preparation and solidification of the collagen). The motility index (motile/immotile CTL) is displayed at indicated time points and condition. Shown is the mean ± SEM. Statistical analysis was conducted with the 2-way-ANOVA-test. (B–E) CTL were cultured with adherent tumor target cells (RCC-26) in medium or medium with 20 mM lactic acid (L). Images were recorded for 3 h with 1 min time interval between frames. Displayed are: (B) Speed summary; (C) Track displacement (accumulated distance). Each symbol represents one individual CTL of 4 individual experiments with recorded 2–8 fields of vision. Mann-Whitney test was used for statistical analysis. (D) Number of contacted tumor cells, and (E) contact duration with tumor cells. Exemplary movies of 7 CTL in M and L are shown in Supplementary Figure S1.



Next, we performed live cell imaging to observe the behavior of CTL-JB4 in normal medium and medium containing lactic acid. CTL-JB4 in lactic acid medium had reduced speed compared to CTL-JB4 in medium (0.017 µm/s vs. 0.023 µm/s) and they covered less distance (track displacement of 20 µm in lactic acid vs. 27 µm in medium) (Figures 5B, C). Notably, in lactic acid medium about 25% of the CTL-JB4 (7/28) made no contact with any tumor cell (Figure 5D), while in normal milieu, all CTL-JB4 interacted with at least one tumor cell. Reduced motility and low field coverage might be the reason why many CTL-JB4 in lactic acid medium did not contact any tumor cell. Notably, if contacts were observed in lactic acid medium they were long-lived (>170 min) in contrast to medium, where CTL-JB4/tumor cell contacts were preferentially short-lived (<30 min) (Figure 5E).

CTL do not require extensive contact time with their target to execute the kill, rather quick and serial interactions define the potency of a CTL (50, 57). In lactic acid medium, reduced motility and extended contact duration limit the probability of a CTL to encounter and kill tumor cells thereby lactic acid is hindering the CTL’s serial killing capacity.



Higher CTL to Tumor Cell Ratio Increases Tumor Cell Killing in Lactic Acid Medium

Motility and serial killing are no longer influential elements regarding killing outcome if many CTL are present which cooperate in target cell killing. Considering this, we hypothesized that the overall killing potency of the CTL-JB4 in lactic acid medium may possibly be augmented when increasing the number of CTL. Indeed, at high CTL to target cell ratio (10:1), the killing was significantly augmented to 66% (± 10.2) compared to 41% (± 6.9) at a 1:1 CTL to target ratio. Yet, killing stayed behind that observed in normal milieu (81% ± 5.3) (Figure 6A). Concomitantly with improved killing, the fraction of CTL that showed granule exocytosis (CD107+ CTL-JB4) increased significantly from 14% (± 3.4) (1:1) to 25% (± 1.6) (10:1) (Figures 6B, C), yet remained below that in normal milieu (71% ± 3). The quality of response, as determined by the mean intensity of degranulation (CD107 MFI) of the degranulating cells (CD107+ CTL-JB4), was significantly reduced in lactic acid and did not significantly improve at high E:T ratio, remaining significantly below that observed in medium (Figure 6D).




Figure 6 | Higher CTL to tumor cell ratio increase tumor cell killing in lactic acid. CTL were co-cultured for 5 h in medium (M) or 20 mM lactic acid (L) with tumor targets (RCC-26) and non-targets at a CTL to target ratio of either 1:1 or 10:1. Specific killing of target RCC-26 (A) and CTL degranulation (B) were determined by flow cytometry. (A) Bars are the mean of percentages of specific killing ± SEM of 12 (for 1:1) or 5 (10:1) individual experiments. (B) Fraction of CD107+ CTL among gated CD45+ cells (n = 3 individual experiments). (C) Exemplary dot plots of CD107+ CTL among gated live CD45+ cells. (D) Quality of degranulation determined as the mean fluorescence intensity (MFI) of CD107 of gated CD107+ CTL. Bars are the mean ± SEM of 3 independent experiments. Unpaired t-test was used for all statistical analysis.






Discussion and Relevance for Immunotherapy

We set out to address the question how lactic acid, as a common component of the solid tumor milieu, influences the killing capacity of a tumor-specific CTL. We had previously demonstrated inhibition of IFN-γ secretion in lactic acid medium and were able to link this to the inhibition of MAPK phosphorylation, including p38 and JNK/Jun (27). Now, we addressed the influence of lactic acid on the killing process, which is functionally most relevant for tumor cell elimination. A deeper understanding of the regulation of CTL-mediated killing in tumor milieus could help in designing effective measurements to counteract TME-associated immune suppressive mechanisms.

We observed that lactic acid as present in TMEs strongly reduced the number of CTL that were able to execute the process of lytic granule exocytosis, a prerequisite step of the killing process. Consequently, strongly reduced killing of tumor targets was observed in lactic acid medium with moderate effects on the release of lytic proteins.

Further, lactic acid changed the dynamics of the killing process as observed in live cell imaging. In lactic acid medium, CTL had reduced motility with reduced field coverage and prolonged contact time with its target cell. Motility arrest strongly diminishes the CTL’s probability to find a tumor cell. Consistent with this notion, many CTL were observed without tumor cell contact in lactic acid whereas in normal medium, each CTL made at least one or two contacts. Motility is influential in situations where tumor targets are sparse and few killer cells are present. In high-density milieus with abundant CTL, motility becomes a lesser determining factor and killing potency should be less affected by motility controlling factors, such as lactic acid. Indeed, at a higher CTL to tumor cell ratio, killing efficacy in lactic acid was augmented together with the fraction of degranulating CTL. While the killing potency could be improved by increasing the CTL numbers relative to the target cells, it did not reach the level seen in normal medium highlighting that next to motility and the number of responding CTL, other factors, such as the quality of the CTL response can influence the killing potency. One measure of response quality is the strength of degranulation of each individual CTL, which can be determined as the mean fluorescence intensity of the degranulation marker CD107. In lactic acid, the degranulation strength of a responding CTL was significantly lower compared to medium and this was not changed in higher CTL to target cell conditions. This might explain why the killing efficacy in lactic acid medium at higher CTL to target cell ratios did not reach the values observed in normal conditions, although the number of responding CTL was increased (Figure 7).




Figure 7 | Hypothetical model how CTL-mediated killing is moderated in lactic acid. In medium, a CTL degranulates (yellow granules) strongly after synaptic contact with target cell-1 and kills the target cell quickly (~15 min). Within the next hours (6 h exemplified), the CTL moves to additional targets (target cell-2) and may kill them as well (serial killing). Lactic acid reduces the efficacy of degranulation (less granules released) and impairs CTL motility, thereby reducing serial killing and killing potency compared to medium. Increasing the ratio of CTL to tumor cells (i.e., from 1:1 to 10:1) (right), motility arrest and reduced degranulation of a single CTL are no longer influential factors for killing potency. Killing of multiple targets is possible through T cell cooperation even in inhibiting conditions such as lactic acidosis.



The degranulation intensity is dependent on CTL intrinsic signaling, which is a consequence of the signal strength that the CTL receives through its TCR-peptide/MHC interaction with the target cells, referred to as the stimulation signal. For the conversion of the signal into function, the CTL requires energy in form of glucose and oxidative phosphorylation. We observed that CTL cannot utilize glucose upon stimulation in lactic acid medium and this is consistent with the literature describing that lactic acid inhibits key glycolytic enzymes (hexokinase, phosphofructokinase) (44). The low energetic profile with low basal glucose consumption and a lack to upregulate glycolysis in medium containing lactic acid may reduce the capacity of the CTL to respond strongly to a given stimulation and, thus, may cause lower lytic granule exocytosis and lower capacity for target cell killing. Glycolysis is also required for T cell motility. Thus, interfering with the glucose metabolism, lactic acid targets several influential steps in the killing process: By reducing motility and prolonging contact times, lactic acid limits serial tumor contacts, and thereby, the serial killing capacity of a CTL. Additionally, it reduces the intensity of the response to a given stimulus, and thus, one CTL might not be able to deliver a hit strong enough to cause tumor cell death. Supplying higher CTL numbers can compensate for poor motility and may help to overcome weak signal strength, if T cells cooperatively attack the same target cell together delivering a hit strong enough for the kill. The mechanism how lactic acid can reduce the killing outcome through motility impairment combined with reduced signaling quality and how this can be overcome with higher CTL numbers, is schematically outlined in Figure 7.

Through their ability to kill, cytotoxic lymphocytes carry the risk to cause life-threatening tissue damage. Thus, from an organismal point, the killing process must be strictly controlled, kept locally confined to the area where infected or mutated cells have to be removed, and must be self-limiting. Restricting the motility of the killer and increasing the contact duration with the target cell is an effective way to achieve containment and to focus the activity towards the target cell. Observing those activities in lactic acid milieu identifies lactate with acidity as a signaling mechanism, not just a waste product of cell metabolism, which is perfectly suited to manage the spatial confinement of CTL in inflamed tissues and to orchestrate their functional response. Notably, the two main functional responses of a CD8+ T cell, cytokine release and cytotoxicity, are moderated differently as suited for a locally confined killing process. The cytokine response, as measured by IFN-γ secretion was completely (albeit reversible) inhibited (27) by lactic acid. IFN-γ can cause severe cell damage, but is not required for the local kill. It has no target specificity and as a diffusible product poses the risk of damaging nearby healthy tissue, thus IFN-γ should be controlled tightly. In contrast, the killing was only reduced, but not completely abrogated by lactic acid. Notably, the dynamics of the lytic granule release was altered by lactic acid allowing similar release within the first hour of stimulation, which was then halted with longer exposure to lactic acid. This suggests that a CTL in lactic acid milieu, as found in inflammatory disease and cancer (58) is allowed to deliver its lytic hits initially as required to eliminate infected or cancer cells, but thereafter is controlled in its serial killing capacity. Thus, lactic acid contributes to the necessity of self-limiting the killing process.

ACT has developed as a highly promising therapeutic strategy in particular for patients who failed to raise sufficient endogenous antitumor immunity. For ACT it is desirable to select the most potent killer cell. Our results expose the challenge in assessing and assigning killing potency to a CTL population using experimental settings. Different potency values may arise for the same CTL when varied experimental conditions are used. In our killing experiments in normal cell culture conditions, the CTL-JB4 would be judged as a highly potent killer. However, when exposed to lactic acidosis, i.e., a milieu a CTL will be confronted with in solid tumors or inflammation, it loses some of the previously observed potency. Moreover, in the same lactic acid milieu, a lower or higher potency value would be assigned if the assays were performed at a 1:1 or 10:1 ratio, respectively. Disappointing results with CTL in ACT may be attributed in part to the current shortcoming in precisely defining a CTL’s killing potency in different experimental settings. Here, new technologies integrating measurements of the dynamics of the killing process and assessments in relevant environmental conditions, may overcome these hurdles.

Currently, successful tumor control through ACT is mainly restricted to hematologic malignancies, while major hurdle still exist for solid tumors (6–9). Besides problems in entering the solid tumor milieu, adoptively transferred T cells develop functional deficits inside the tumor milieu (14, 16, 17, 19, 59). Preventing the development of T cell deficits in the TME holds the promise to improve the portion of patients that respond to ACT (12, 21, 59, 60).

Our results suggest that the inhibitory mechanisms of lactic acidosis can be compensated in part by infusing more T cells during ACT, a concept suggested previously in murine models (61). However, higher CTL numbers do not correct the repression of the response quality, i.e., the repressed degranulation intensity and reduced glucose metabolism. To overcome these impairments, it is interesting to speculate whether high-avidity T cells, which have an intrinsically stronger signaling strength, might better withstand lactic acidosis inhibition. Or mutually non-exclusive, whether conditions can be identified that strengthen a CTL’s metabolic fitness to help them maintain killing function in lactic acid milieu. Promising conditions could include the culture of CTL with T cell activating cytokines or the provision of costimulation (53).

Blocking tumor metabolites pharmacologically is also an exciting approach that might help to prevent inhibition of adoptively transferred T cells and rescue the endogenous immune response against tumor cells. Alterations of the tumor milieu to produce less lactate and acidosis, or conditions that buffer acidity are investigated and show recovery of immune cell function as well as improved therapeutic effects of anti-PD-1 treatments (40, 42, 43, 58, 62–67).



Material and Methods 


Cells

The cytotoxic T effector cell clone, CTL-JB4, was cultured as described (45). It is a primary human, non-immortalized, T cell clone that was generated in an allogeneic mixed lymphocyte culture. It does not proliferate autonomously but requires antigenic stimulation to induce short-term proliferation. It recognizes the human leukocyte antigen (HLA)-A2 molecule. The CTL-JB4 clone has signaling and behavior comparable to primary TCR-engineered T cells, both of which were used in the previous study (27) with comparable results. Due to its stable high cytotoxic activity after antigenic stimulation, CTL-JB4 was the preferred cell line for the current study. RCC-26 and KT195 are HLA-A2 positive and HLA-A2 negative human RCC lines, respectively, and are the target cell (RCC-26) or non-target cell (KT195) for CTL-JB4 (27). The HLA-A2 status, which is the relevant feature of these two cell lines in this study, was authenticated by flow cytometry using anti-HLA-A2 antibodies HB-82™ (ATCC, BB7.2, mouse IgG2b) and HB-54™ (ATCC, MA2.1, mouse IgG1).



Milieu Conditions Used During Stimulation of CTL-JB4

Normal medium (M) was RPMI1640 supplemented with 1 mM glutamine, 1 mM pyruvate, 1 mM non-essential amino acids, 7.5% fetal bovine serum (FCS) and 7.5% human serum (HS), and additionally, 20 g/l 2-deoxy-glucose (2-DG, Sigma), where indicated. Lactic acid medium (L) was created by adding 20 mM, or as indicated, lactic acid (Sigma) to M resulting in pH values of 6.3 ± 0.07, which are similar to pH values observed in human solid tumors (30, 68). Glucose-free RPMI1640 was purchased from Gibco/Invitrogen and supplemented with 7.5% dialyzed FCS and HS. Cell-free tumor supernatants (TS1 to TS10) were generated as previously described (27). Briefly, KT195 tumor cells were cultivated in 1 ml of M at increasing cell densities, from 0.5 × 106 (TS1) to 5 × 106 (TS10), respectively, for 40 h. Supernatants were harvested, filtered (0.2 µm) and frozen until use.



Staining of Tumor Cells and CTL-JB4 With Cell Tracers

RCC-26 target cells and KT195 non-target cells were stained with the cell-tracers Bodipi® 630/650-methyl bromide (1 µM) and CellTrace™ Violet Cell Proliferation Kit (5 µM) (both Invitrogen), respectively, according to protocol. Reverse staining, RCC-26 with CellTrace™-Violet and KT195 with Bodipi®630/650, yielded similar results. Cells were stained one day prior to the assay. For live cell imaging, CTL-JB4 cells were stained with 0.5 µM CellTracker Orange CMRA Dye (ThermoFisher) in serum-free RPMI1640 for 30 min, followed by 1 h of recovery in M.



Degranulation and CTL-Mediated Tumor Cell Killing by Flow Cytometry

CTL-JB4 were stimulated for 5 h with RCC-26 target cells (HLA-A2-positive, labeled with CellTrace™-Violet) in the presence of KT195 non-target cells (HLA-A2-negative, labeled with Bodipi®630/650) in different effector to target to non-target cell ratios (E:T:nT 1:1:1; 10:1:1) in the presence of Golgi-stop, brefeldin A and anti-CD107a-FITC plus anti-CD107b-FITC antibodies (all from BD Bioscience) in either M or L. Control cultures were set up without CTL-JB4. After 5 h, cells were harvested and stained with anti-CD45-PeCy7 (Biolegend) and LIVE/DEAD Fixable Dead Stain Kit near-IR fluorescent reactive dye (Invitrogen). For control cultures without CTL-JB4, CTL were added prior to addition of antibodies. Data acquisition and analysis employed the LSRII (BD Pharmingen) and FlowJo 7.6.5. The gating strategy is exemplified in Figure 8. Briefly, after gating the single events, tumor cells and CTL were discriminated by displaying CellTrace-Violet against Bodipi. Tumor cells were selected by a NOT/CTL gate. Dead cells were excluded and the CTL-mediated specific killing of target RCC-26 was calculated by determining the shift in the ratio of target cells (CellTrace™-Violet+) to non-target cells (Bodipi+) in the NOT CTL/alive population in the presence or absence of CTL-JB4, according to the following equation:

	




Figure 8 | Gating strategy used for the CTL-mediated killing and degranulation. CTL were incubated with target cells (RCC-26, labeled with CellTracker-Violet) and non-target cells (KT195, labeled with Bodipi) for 5 h at a ratio of 1:1:1 in Medium (M) or 20 mM lactic acid medium (L). In parallel, tumor cells were cultured without CTL. After 5 h, cell suspensions were harvested and stained with anti-CD45-PeCy7 to detect the CTL and near-IR-fluorescent-reactive dye for live/dead discrimination. Data acquisition employed LSRII cytometer and data were analyzed using FlowJo. After initial single cell selection, target cells (RCC-26) and non-target cells (KT195) were discriminated in CT-Violet/Bodipi dot plots. CTL were identified as being neither positive for CT-Violet nor Bodipi. From the CT-Violet/Bodipi dot plot, the specific killing of target RCC-26 was calculated by determining the shift in the ratio of target cells (violet+) to non-target cells (bodipi+) in the NOT CTL/ normal script alive population in the presence and absence of CTL (see equation for calculation in Material/Methods). CTL degranulation was evaluated in the CTL/alive population by analyzing the percentage of CD107+ CTL in the CD45+ population as compared to the unstimulated (0 h) CTL.



Equations used in other publications to evaluate cytotoxicity yielded the same results (69, 70).

CTL degranulation was determined in the CTL/alive population as the percentage of CD107+ cells among gated alive, CD45+ cells in the stimulated cultures compared to the unstimulated (0 h) culture. The quality of degranulation was determined as the mean fluorescence intensity (MFI) of CD107a/b among the gated CD107+ CTL.



Kinetics of Cytotoxin Release From CTL-JB4 Determined by Flow Cytometry

CTL-JB4 were stimulated in M or L with anti-CD3/CD28 beads (Dynal) at a cell to bead ratio of 1:1 for 4 h. Cell suspensions were harvested at 0, 1, 2, 3, and 4 h and stained after fixation (1% paraformaldehyde) and permeabilization (0.1% and 0.3% saponin) with anti-perforin-FITC (clone dG8, BD Pharmingen), anti-granzyme B-PE (clone GB11, BD Pharmingen) and anti-granzyme A-FITC (clone CB9, BD Bioscience). Data acquisition and analysis employed the LSRII (BD Pharmingen) and FlowJo 7.6.5. The MFI were recorded and set in relation to the 0 h time point of M or L, respectively.



Live Cell Imaging and CTL Motility Analysis

RCC-26 tumor cells were seeded at a concentration of 0.3 × 105 in 300 µl RPMI1640 (supplemented with 1 mM glutamine, 1 mM pyruvate, 1 mM non-essential amino acids, 10% FCS) per well of an ibidi µ-Slide 8 well slide (ibidi) and allowed to attach for 24 h. After attachment, culture medium of each well was replaced by 300 µl of CTL-JB4 cell suspensions (cells stained with CellTracker Orange CMRA, 0.12 × 105 cells) in M or L supplemented with 5 µg/ml Hoechst33342 (Sigma-Aldrich). The slides were imaged at 37°C and 6.5% CO2 for 3 h using a Leica TCS SP5 confocal microscope with LAS AF software, using a motorized stage, the HCX PL APO CS 40.0 × 1.30 OIL UV objective with oil immersion (pinhole setting 3) and the resonance scanning configuration. The acquisition was automatical on xyz scanning mode. The time between the images was 1 min. Per position, 20 stacks were acquired with a scanning speed of 400 Hz and “between line average” of 5 captures. The image size as well as the pixel size were automatically calculated and displayed. The format of the images was displayed in 512 × 512 pixels. The scanning mode was sequential with the first sequence detecting Hoechst33342 (352/461) plus bright field and the second sequence detecting CellTracker Orange CMRA (548/576). Hoechst33342 was detected with 405 nm laser (powered 10%) and Hybrid Detector (HyD), CellTracker Orange CMRA was detected with 561 nm laser (20% intensity) and a photomultiplier tube (PMT) set to 1,250 V with −40 offset.

Spatial tracking was performed by using the ImageJ (71) with TrackMate plug-in with manual corrections. In a first step, blob segmentation was performed by labelling connected blobs of pixels, which are different from the background color. Subsequently, CTL were tracked by the TrackMate plug-in and the speed was calculated as the distance (µm) the CTL moved per second. Track displacement refers to the distance (µm) a cell moved (accumulated distance) during the live cell imaging. The number of cell contacts was determined by counting the number of tumor cells that a single T cell interacted with over the observation time. Contact duration describes the time one CTL remained in contact with the same tumor cell. Contact duration is displayed in minutes with the symbol “>” indicating that the cell interacted at least or longer as the given recorded time. Migration movies were recorded with the ImageJ Manual Tracking plug-in (Fabrice Cordelières) and then analyzed with the Chemotaxis Migration Tool Software (ibidi).

For CTL-JB4 motility analysis, 106 CTL were resuspended in 1 ml of M, glucose-free M, or M with 2-DG, each supplemented with HEPES and NaHCO3 and embedded in collagen I (3 mg/ml, Collagen Type I, rat tail, ibidi). The cell suspensions were filled into slots of a 6 µ-capillary plate (ibidi) and kept for 1 h at 37°C for the collagen to solidify. Motility observations were performed for 4 h using a Zeiss-Axio Vert.A1-microscope in phase-contrast mode using a LD A-Plan 20×/0.35 objective. Every 50 min, the number of motile and immotile CTL was counted using ImageJ. Displayed is the motility index calculated as the ratio of motile to immotile CTL at each time point.



Measurement of Mitochondrial Respiration and Glycolysis

Oxidative consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using the Mito Stress Test kit (Agilent) and the Seahorse XFp extracellular Flux Analyzer (Agilent). 2–3 h before the experiment, CTL-JB4 were incubated in Seahorse XF RPMI medium supplemented with 2 mM glutamine, 1 mM pyruvate and 10 mM glucose and, additionally, with 10 mM lactic acid (pH 6.75). For the assay, 0.3 × 106 CTL were seeded in an 8-well microplate. The acute injection (i.e., stimulation) employed the ImmunoCult™ human CD3 T cell activator (25 µl/well) (StemCell™ Technologies, anti-human CD3 monospecific tetrameric antibody complex), the second injection was Oligomycin (1.5 µM), third injection was Carbonyl-cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (1.0 µM) and the fourth injection was a mixture of Rotenone and Antimycin A (0.5 µM). OCR, basal respiration, maximal respiration and spare respiratory capacity were calculated as described in the manufacturer’s manual. Briefly, basal respiration is determined as the last measurement before first injection subtracted by the non-mitochondrial respiration rate. Maximal respiration is the maximum rate measurement after FCCP injection subtracted by the non-mitochondrial respiration. The spare respiratory capacity is the maximal respiration subtracted by the basal respiration. Basal ECAR is the mean of the measure points before CD3 stimulation. ECAR in response to stimulation is the last measure point before Oligomycin injection. The Energy map displays OCR and ECAR as x- and y-coordinates.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6.04 (GraphPad Software). Applied statistical tests are indicated in the figure legends.
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Overexpression of DGUOK promotes mitochondria oxidative phosphorylation and lung adenocarcinoma progression. However, the role and mechanism of DGUOK in regulation of mitochondria function and lung cancer progression still poorly understood. Here we demonstrated that DGUOK regulated NAD+ biogenesis. Depletion of the DGUOK significantly decreased NAD+ level. Furthermore, knockout of the DGUOK considerably reduced expression of the NMNAT2, a key molecule controlling NAD+ synthesis, at both mRNA and protein levels. Ectopic expression of the NMNAT2 abrogated the effect of knockdown of DGUOK on NAD+. Notably, this regulation is independent of DGUOK -mediated mitochondria complex I activity. We also showed that NMNAT2 was highly expressed in lung adenocarcinoma and negatively correlated with the patient overall survival. Our study suggested that DGUOK regulates NAD+ in a NMNAT2 dependent manner and DGUOK-NMNAT2-NAD+ axis could be a potential therapeutic target in lung adenocarcinoma.
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Introduction

Mitochondrial deoxyguanosine kinase (DGUOK) is a rate-limiting enzyme for the salvage pathway of purine deoxynucleotide biogenesis in mitochondria (1). It has been shown that DGUOK phosphorylates purine deoxyribonucleosides in the mitochondrial matrix. In addition, this protein phosphorylates several purine deoxyribonucleoside analogs which were used in the treatment of lymphoproliferative disorders, and this phosphorylation is critical for the effectiveness of the analogs (2). Mutations in the DGUOK led to mitochondrial DNA (mtDNA) depletion typically in the liver and brain, causing a hepatocerebral phenotype (3). We have previously shown that DGUOK was frequently overexpressed in lung adenocarcinoma and aberrant expression of DGUOK correlated with tumor progression and patient overall survival (4). However, the role and mechanism of DGUOK in lung cancer still poorly understood.

Nicotinamide adenine dinucleotide (NAD) is a critical sirtins (SIRT) coenzyme, NAD levels are very important for regulation of SIRT activity and thus are associated with a number of cellular and biological processes including cell survival, senescence, proliferation and Parkinson's disease (5–7). It exists in both oxidized (NAD+) and reduced (NADH) forms. Previous studies have demonstrated that NAD+ was biosynthesized through two major pathways: the de novo and salvage pathways (8). The salvage pathway is important for the maintenance of NAD+ level in cancer cells and involves 2 major enzymes, one of which is phosphoribosyltransferase (NAMPT) and the other is nicotinate phosphoribosyltransferase (NAPRT) (9). NAMPT acts as a rate‐limiting enzyme in the salvage pathway and works by transferring a phosphoribosyl group to nicotinamide (NAM) to form nicotinamide mononucleotide (NMN). NMN is then converted into NAD+ by nicotinamide mononucleotide adenylyltransferase (NMNAT). There are three NMNAT isoforms (NMNAT1–3) with different tissues and subcellular distributions in mammals. NMNAT family members catalyze the synthesis of NAD+ both in the de novo pathway and the salvage pathway (10, 11). Recent studies have shown that NMNAT2 is involved in colorectal cancer progression (12, 13). NAPRT is involved in the synthesis of NAD+ from nicotinic acid (9). Cancer cells were reported to have a high rate of NAD+ turnover and a low ratio of cytosolic NAD+/NADH due to their elevated metabolic needs. However, the role and mechanism of the NAD+ and NMNAT2 in cancer progression is poorly understood.

In this study, we demonstrated that DGUOK regulates NAD+ biogenesis through NMNAT2, and this regulation is independent of DGUOK-mediated mitochondria complex I activity (4). NMNAT2 expression was increased in lung adenocarcinoma and NMNAT2 level was negatively correlated with the overall survival of patients with lung adenocarcinoma. Our results indicate that DGUOK plays a pivotal role in mitochondrial function and tumor progression through regulation of the NMNAT2.



Material and Methods


Cell Culture

Lung cancer cell line H1650, H1299, and immortalized human kidney epithelial cell HEK293T were obtained from the Moffitt Cancer Center Lung Cancer Center of Excellence cell line repository. These cell lines were free of microbial (including mycoplasma) contamination. H1650 and H1299 cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. HEK293T cells were maintained in DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin. All the cells were cultured at 37°C in a humidified 5% CO2 incubator.



Inhibitor Treatment

For Rotenone treatment, H1650 cells were incubated with medium containing 500 nM (Sigma, P5499) at 37°C for 10 h in a 5% CO2 incubator prior to RNA extraction.



Plasmids

The DGUOK knockout was performed using pLenti CRISPR V2 vector (Addgene_52961) encoding sgRNA targeting human DGUOK, and the sequence targeting DGUOK is: 5’-CCCCGAAGGCTCTCCATCGA-3’

NMNAT2 cDNA was subcloned into pLenti-CMV-blasticidin vector (Addgene_17486) between BamH I and XhoI sites. pLKOs encoding shRNAs for the NDFUB8 and the NMNAT2 were purchased from Sigma (ndufb8, TRCN0000318424 and NMNAT2, TRCN0000318425). Retroviral and lentiviral particles were packaged in HEK293T cells using the PEI transfection method and concentrated as previously described (14).



Antibody

The following antibodies were used in this study: anti-NMNAT2 (sc-515206), anti-GAPDH (sc-32233), and anti-DGUOK (sc-398093) antibodies were from Santa Cruz. Anti-NDUFB8 (459210) was from Thermo Fisher. Anti-Mouse, HRP (7076S) were from Cell Signaling.



Immunoblot

Cells were lyzed in SDS-NP40 buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40, 1% SDS, 1 mM protease inhibitors cocktail) on ice for 1 min. Cells were scraped from the plate and sonicated briefly 3 times. Then lysates were heated at 95°C for 5 min and centrifuged at 20,000 × g at 4°C for 10 min. 50 μg total cell lysates were separated on SDS-PAGE and then transferred onto PVDF membrane. The membranes were blocked with non-fat dry milk for 30 min at room temperature. Following washing 3 times, the blots were incubated with primary antibodies and then peroxidase-linked anti-mouse IgG (cell signaling,7076S). The bands were detected by an ECL-plus Western blotting detection system (Tanon-5200Multi).



qRT-PCR

Cells were washed with ice-cold PBS and total RNA was extracted from using TIANGEN RNaesy Mini kit (ER501-01). Reverse transcription was performed using the Transgen cDNA synthesis kit (AT311-03). Quantitative real-time PCR (qRT-PCR) was carried out with the Bio-rad real-time PCR system using Transgene SYBR Green PCR master mix (AQ131-02).

Primers were used as follows:

NMNAT2 Q-PCR NS: 5’-GAGGCAGATATGGAGGTGATTG-3’NMNAT2 Q-PCR CAS: 5’-TTTTGTATTTGCGGAGTATTGAGG-3’;NMNAT1 Q-PCR NS: 5’-TGGGTGGAAGTTGATACATGG-3’NMNAT1 Q-PCR CAS: 5’-TCCAGGCCTTTCTAGAGTAGG -3’NRK1 Q-PCR NS: 5’- GACTCTCCGGGATACTTTGATG-3’NRK1 Q-PCR CAS: 5’- CCTCTTCAGATTTTGTTCCATCC -3’NAMPT Q-PCR NS: 5’- GCTGCCACCTTATCTTAGAGTT -3’NAMPT Q-PCR CAS: 5’- CTTGTCAACTTCTGTAGCAAACC -3’NARPT Q-PCR NS: 5’- GTCCTCATCGTAGTCAGCAAC -3’NARPT Q-PCR CAS: 5’- CACCAGCTTATAGACGCCAC -3’NADSYN1 Q-PCR NS: 5’- CAAGATACAGGCTTGGACCAG-3’NADSYN1 Q-PCR CAS: 5’- CCGCTAGGACTTGAAACGAG -3’GAPDH Q-PCR NS: 5’-TGAAGGTCGGAGTCAACGG-3’,GAPDH Q-PCR CAS:5’-AGAGTTAAAAGCAGCCCTGGTG-3’.



Blue Native Electrophoresis and Immunoblot

Blue native (BN) electrophoresis was performed as previously described (15). The Western blot analysis was carried out as described above.



Cell Migration and Invasion Assay

Cell migration and invasion assays were performed as previously described (16). Migration and invasion assayed were carried out for 5 h and 12 h, respectively.



Measurement of NAD+ Levels: LC/MS Method

Preparation of Cellular Extracts: DGUOK-knockout and control H1650 cells (1x107/well in 10 ml) were seeded in 10 cm plates and cultured overnight. For metabolite analysis, cultural medium was discarded. After washing with PBS twice, the cells were extracted using 1 ml of cold 80% methanol. Following incubation at room temperature for 15 min, the methanol extracts were sonicated (60 W, work 3 s, interval 3 s, for 3 times) at 4°C. After centrifugation (12,000 g) at 4°C for 15 min, the supernatants were dried using the EYELA Centrifugal Concentrator (CVE-3110) at 7,000 rpm, 37°C. The samples were then dissolved with deionized water.

An Agilent 6100 LC/MSD system (Agilent Technologies, Palo Alto, CA, USA) was employed for the quantitative analysis of NAD+. A HILIC column (2.1 × 100 mm, 1.8 µm, Waters Corp., Tokyo, Japan) was used for the chromatographic separation of target. In short, 0.1% formic acid water (phase A) and acetonitrile (phase B) were of the solvent system with a suitable gradient elution procedure at a flow rate of 0.15 ml/min (0–10 min, 98%–2% B; 10–15 min, 2% B). The injection volume was 2.0 µl. The gas temperature was 325°C at a rate of 8 L/min, the nebulizer pressure was 35 psi, the fragmentor was 45 V. the NAD+ mass acquisition was performed using selective ion mode (SIM) at m/z 664.1 in positive condition. The quantitative NAD+ was obtained by analyzing the mass response abundance of NAD+ in standard solution and sample solutions. Metabolite peak areas were manually checked for consistency in retention times, compared with known standards and normalized based on protein concentrations and the resultant peak areas were subjected to metabolomic analyses by utilizing MetaboAnalyst 2.0. Relative significance in metabolite levels were analyzed using Student’s t test.



Data Analysis

All the experiments were repeated three times and each experiment was performed in three replicates per sample. Data were analyzed using GraphPad Prism 6.0 (Graph-Pad Software Inc., San Diego, CA, USA), and all results were expressed as means ± SEM. Statistically significant differences were determined using Student’s t-test for two-group analysis. Statistical significance was defined as *P < 0.05, **P < 0.01 or ***P < 0.001.




Result


DGUOK Regulates NAD+ Biogenesis

We have recently reported that DGUOK overexpression promotes lung adenocarcinoma progression (4). Loss of DGUOK significantly induced mtDNA deletion and inhibited mitochondria complex I activity. Ran Jing et al. reported that NAD+ is a potential therapeutic target for mtDNA depletion syndrome, suggesting that DGUOK could involve in NAD biosynthesis (17). To test our hypothesis, we first assessed DGUOK level in a panel of lung cancer cell lines. After normalization, the results showed that DGUOK levels were higher in H1650, H1299, and A549 cells (Figure 1A).




Figure 1 | DGUOK regulates NAD+ biogenesis. (A) Western blot analysis of DGUOK level in different lung cancer cell lines. (B) Western blot analysis of DGUOK expression in DGUOK-KO and control H1650 cells. (C) NAD+ standard curve revealed by LC-MS. (D) LC-MS analysis of NAD+ level in DGUOK-KO and control H1650 cells. (E) Quantification of NAD+ level in DGUOK-KO and control H1650 cells. ***p < 0001.



To examine if DGUOK regulates NAD+ level, we first employed LC-MS to examine the content of NAD+ in DGUOK-KO and control H1650 cells. Figure 1B showed that the DGUOK protein expression was completely abrogated after infection of cells with DGUOK-KO lentivirus. To identify the level of NAD+, we first examined NAD+ LC-MS curve (Figure 1B). LC-MS analysis revealed a significant decrease in the NAD+ level in H1650 DGUOK-KO cells (Figures 1C–E). These results indicate a critical role of DGUOK in regulation of NAD+ biogenesis.



DGUOK Regulates NMNAT2 Expression

NAD+ is synthesized through two known pathways, i.e., eight-step de novo cascade and the salvage pathway, in which several enzymes are involved including NAMPT, NAPRT, NRK1/2, and NMNAT1-3 (8). To investigate how DGUOK regulates NAD+ biogenesis, we examined the mRNA levels of these enzymes by quantitative real‐time PCR. There was no significant difference in the expression of NAMPT, NAPRT, NRK1/2, and NMNAT1-3 between DGUOK-KO and control H1650 cells (Figure 2A). Notably, we found that the mRNA levels of the NMNAT2 were dramatically decreased in DGUOK-KO cells (Figure 2A). Accordingly, we observed the low expression of NMNAT2 protein level in DGUOK-KO cells (Figure 2B). To further verify our results, we analyzed the mRNA level of the NMNAT2 in DGUOK-KO and control H1299 cells. The results showed that depletion of DGUOK significantly inhibited the expression of the NMNAT2 (Figure 2C). As NMNAT2 catalyzes the synthesis of NAD+ both in the de novo and salvage pathways. Our data indicated that NMNAT2 is likely to be a key player that bridges DGUOK and NAD+ biogenesis.




Figure 2 | DGUOK controls NMNAT2 expression at mRNA and protein levels. (A) Quantitative RT-PCR analysis of the NARPT, NMNAT1/2, NADSYN, NRK1, NAMPT mRNA levels in DGUOK-KO and control H1650 cells. (B) Western blot analysis of DGUOK and NMNAT2 protein levels in DGUOK-KO and control H1650 cells. (C) Quantitative RT-PCR analysis of the NMNAT2 level in DGUOK-KO and control H1299 cells. ***p < 0001.





DGUOK Regulates NAD+ Biogenesis Through NMNAT2

To further confirm our hypothesis, we first evaluated the effect of the NMNAT2 knockdown (KD) on NAD+ level. As expected, NAD+ content was reduced by 60% in NMNAT2-KD H1650 cells compared to their controls (Figures 3A–C). To investigate if DGUOK regulates NAD+ biogenesis through NMNAT2, we examined whether ectopic expression of NMNAT2 could rescue NAD+ content in DGUOK-KO H1650 cells. Western blot analysis revealed that NMNAT2 protein was efficiently expressed in NMNAT2-transfected cells (Figure 3D). NAD+ levels in DGUOK-KO cells were restored after ectopic expression of NMNAT2 (Figures 3D–F). Taken together, these data suggested that NMNAT2 mediates DGUOK regulated NAD+ biogenesis.




Figure 3 | DGUOK regulates NAD+ biosynthesis through NMNAT2. (A) Western blot analysis of NMNAT2 and NDUFB8 expression level in NMNAT2-KD and control H1650 cells. (B) LC-MS analysis of NAD+ level in NMNAT2-KD and control H1650 cells. (C) Quantification of NAD+ level in NMNAT2-KD and control H1650 cells. (D) Western blot analysis of NMNAT2, NDUFB8 and DGUOK expression levels in DGUOK-KO, DGUOK-KO/NMNAT2-OE and control H1650 cells. (E) LC-MS analysis of NAD+ level in DGUOK-KO, DGUOK-KO/NMNAT2-OE and control H1650 cells. (F) Quantification of NAD+ level in DGUOK-KO, DGUOK-KO/NMNAT2-OE and control H1650 cells. ***p < 0001.





NMNAT2 Expression Regulated by DGUOK Is Independent of Mitochondria Respiratory Complex I Activity

It has been shown that DGUOK is required for mtDNA maintain and mitochondria respiratory complex I activity (4). To determine whether the regulation of NAD+ biogenesis and NMNAT2 expression by DGUOK is due to the mitochondrial complex I activity, we investigated the effects of Rotenone, the complex I inhibitor, on NMNAT2 and DGUOK level. As shown in Figures 4A, B, Rotenone treatment did not significantly reduce the expression of DGUOK protein and NMNAT2 mRNA, respectively (Figures 4A, B), suggesting that regulation of NMNAT2 by DGUOK is independent of mitochondria Complex I activity. To further confirm the result, we knocked down the NDUFB8, a nuclear genome encoded complex I subunit, to inhibit complex I level and activity (Figure 4C). Immunoblotting and qRT-PCR analyses showed that depletion of the NDUFB8 severely damaged the assembly of the complex I. However, inhibition of mitochondria complex I activity by NDUFB8 knockdown had no effect on the NMNAT2 mRNA level (Figure 4D). At the same time, while NAD+ is necessary for the mitochondrial complex I function, we did not observe that reduction of NAD+ level by NMNAT2 knockdown affected the level of mitochondrial complex I (Figure 4E). These results indicated that the regulation of NMNAT2 by DGUOK is independent of mitochondria respiratory complex I activity and that DGUOK controls mitochondrial function through regulation of two parallel pathways.




Figure 4 | DGUOK regulates NMNAT2 independent of mitochondria complex I activity. (A) Western blot analysis of DGUOK in control and Rotenone treated H1650 cells. (B) qRT-PCR analysis of the NMNAT2 mRNA level in Rotenone treated and control H1650 cells. (C) Western blot analysis of NDUFB8 in NDUFB8-KD and control H1650 cells. (D) qRT-PCR analysis of the NMNAT2 mRNA level in NDUFB8-KD and control H1650 cells. (E) BN-PAGE gel analysis of mitochondria complex I level in NMNAT2-KD and control H1650 cells. n.s. not significant.





NMNAT2 Is Upregulated and Correlates With Overall Survival in Patients With Lung Adenocarcinoma

We have previously shown frequent overexpression of DGUOK in lung adenocarcinoma and close association of elevated expression of DGUOK with tumor progression and patient survival (4). Knockout of the DGUOK in H1650 cells significantly inhibited cell migration and invasion (Figures 5A–D). Because DGUOK regulates NMNAT2, we further investigated if DGUOK regulates cell migration and invasion through NMNAT2 and NAD+. NMNAT2 was ectopically expressed in H1650 DGUOK-KO cells. We found that the expression of NMNAT2 largely rescued the effects of depletion of DGUOK on cell migration and invasion (Figures 5A–D), suggesting that NMNAT2 and NAD+ play an important role in DGUOK-mediated cell migration and invasion. Subsequently, we evaluated mRNA level of the DGUOK and the NMNAT2 in lung adenocarcinoma compared to paired adjacent normal tissues (http://gepia.cancer-pku.cn/detail.php?gene=&clicktag=survival).




Figure 5 | NMNAT2 was up-regulated and correlates with poor overall survival in patients with lung adenocarcinoma. (A) Representative images of in vitro migration in control, DGUOK-KO and DGUOK-KO/NMNAT2 H1650 cells. (B) Ectopic expression of NMNAT2 largely rescued cell migration in DGUOK-KO H1650 cells. (C) Representative images of in vitro invasion in control, DGUOK-KO and DGUOK-KO/NMNAT2 H1650 cells. (D) Ectopic expression of NMNAT2 largely rescued cell invasion in DGUOK-KO H1650 cells. (E) DGUOK level was up-regulated in lung adenocarcinoma when compared to adjacent normal tissue. (F) NMNAT2 level was up-regulated in lung adenocarcinoma when compared to adjacent normal tissue. (G, H). NMNAT2 expression negatively correlates with overall survival of patients with in lung adenocarcinoma in two databases: GEPIA (G, http://gepia.cancer-pku.cn/detail.php?gene=&clicktag=survival) and KM-Express (H, https://kmplot.com/analysis/). **p < 001, ***p < 0001.



We found that the DGUOK and the NMNAT2 were dramatically up-regulated in lung adenocarcinoma (Figures 5E, F). Similar to the DGUOK, high levels of NMNAT2 were associated with the poor overall survival of patients with lung adenocarcinoma (Figure 5G). To confirm this finding, we further analyzed the data from https://kmplot.com/analysis/and noticed that the NMNAT2 expression was also negatively correlated with the patients’ overall survival (Figure 5H). Collectively, these results indicated that DGUOK-NMNAT2 axis is frequently elevated in lung adenocarcinoma and could be served as poor prognostic biomarker in this malignancy. Since NMNAT2 involved lung adenocarcinoma progression, targeting NMNAT2 may benefit in the treatments of lung adenocarcinoma. As DGUOK-NMNAT2 induces NAD+ biogenesis, the DGUOK-NMNAT2-NAD+ pathway could be potential therapeutic target in lung adenocarcinoma.




Discussion

We have recently reported frequent overexpression of DGUOK lung adenocarcinoma (4). The upregulation of DGUOK was associated with poor overall survival of the patients with lung carcinoma. A well-known function of DGUOK is to regulate mtDNA maintenance and mitochondria complex I activity. It has been shown that DGUOK promotes the lung adenocarcinoma cancer progression and cancer stemness through mitochondria complex I activity (4). In this report, we demonstrated that DGUOK induced NMNAT2 expression at mRNA and protein levels which led to activation of NAD+ biogenesis. More significantly, DGUOK regulation of NMNAT2 is independent of mitochondria complex I activity. Thus, our data revealed a novel function of DGUOK, i.e., link DGUOK to NMNAT2/NAD+ cascade.

NAD+ level has been shown to be up-regulated in human cancer (18). NAD+ is an important coenzyme for SIRT, which involves in different cancers (19–21). Recently, accumulated evidence indicates that the NAD+ biosynthesis pathway plays an important role in tumor progression and metastasis (22). Ye et al reported that targeting the NAD+ salvage pathway suppressed APC mutation-driven colorectal cancer growth (23). Nicotinamide phosphoribosyl transferase (NAMPT), which is a rate-limiting enzyme for NAD+ synthesis in the salvage pathway, was shown to be overexpressed in many types of cancer, suggesting that NAMPT acts as a regulator of cancer invasion and metastasis (7, 24). NMNAT2, also a rate-limiting enzyme for NAD+ synthesis, catalyzes the synthesis of NAD+ both in the de novo pathway and the salvage pathway. NMNAT2 was shown to be a promising diagnostic and therapeutic target for colorectal cancer (12, 13) However the role of NMNAT2 in lung adenocarcinoma is unclear. In this study, we found that NMNAT2 mediates NAD+ biogenesis induced by DGUOK and that the NMNAT2 expression negatively correlates with overall survival in the patients with lung adenocarcinoma.

In summary, our results revealed a new pathway, i.e. DGUOK-NMNAT2-NAD+. DGUOK induces NAD+ level through NMNAT2. The regulation of NMNAT2 and NAD+ by DGUOK is independent of mitochondria respiratory complex I activity. Furthermore, we have shown frequent overexpression of DGUOK-NMNAT2 in lung adenocarcinoma and the association of this pathway with poor prognosis of this malignancy. Furthermore, we recently reported DGUOK promote cancer cell stemness in lung adenocarcinoma. Depletion of DGUOK significantly reduced the sphere formation in H1650 and A549 cells (4). In current study, we showed that knockout of DGUOK reduced cell migration and invasion and that ectopic expression of NMNAT2 overrode these phenotypes resulted from DGUOK knockdown (Figure 5). These findings suggest pro-tumorigenic potential of DGUOK. Collectively, our data indicate that the DGUOK-NMNAT2-NAD+ axis could be a prognostic marker and a critical therapeutic target in lung adenocarcinoma.
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Solid tumors are often challenged by hypoxic and nutrient-deprived tumor microenvironments (TME) as tumors progress, due to limited perfusion and rapid nutrient consumption. While cancer cells can demonstrate the ability to survive in nutrient-deprived conditions through multiple intrinsic alterations, it is poorly understood how nutrient-deprived cancer cells co-opt the TME to promote cancer cell survival and tumor progression. In the present study, we found that glutamine deprivation markedly potentiated the expression of G-CSF and GM-CSF in mouse mammary cancer cells. The IRE1α-JNK pathway, which is activated by glutamine starvation, was found to be important for the upregulation of these cytokines. G-CSF and GM-CSF are well-known facilitators of myelopoiesis and mobilization of hematopoietic progenitor cells (HPC). Consistently, as tumors progressed, we found that several myeloid HPC compartments were gradually decreased in the bone marrow but were significantly increased in the spleen. Mechanistically, the HPC-maintaining capacity of the bone marrow was significantly impaired in tumor-bearing mice, with lower expression of HPC maintaining genes (i.e., CXCL12, SCF, ANGPT1, and VCAM1), and reduced levels of mesenchymal stem cells and CXCL12-producing cells. Furthermore, the mobilized HPCs that displayed the capacity for myelopoiesis were also found to accumulate in tumor tissue. Tumor-infiltrating HPCs were highly proliferative and served as important sources of immunosuppressive myeloid-derived suppressor cells (MDSCs) in the TME. Our work has identified an important role for glutamine starvation in regulating the expression of G-CSF and GM-CSF, and in facilitating the generation of immunosuppressive MDSCs in breast cancer.
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Introduction

Highly proliferative cancer cells exhibit a strong demand for nutrients to maintain energy supplies and for biosynthesis (1–3). However, solid tumors are often challenged by hypoxic and nutrient-deprived conditions in the tumor microenvironment (TME) due to inadequate vascular perfusion and rapid nutrient consumption as the tumor grows (4–7). When challenged with metabolic stress, cancer cells can still survive in a nutrient-poor TME through the action of multiple cancer cell-intrinsic alterations (8–10). For example, cancer cells can adapt to nutrient starvation conditions by utilizing alternative nutrients or through epigenetic modification (7, 10). In addition to cancer cell evolution, components of the TME are influential accomplices of tumor survival and progression. Therefore, it is critical to explore the impact of nutrient starvation on remodeling the TME, to better understand how the TME contributes to tumor progression.

Glucose and glutamine are fundamental nutrients used by cancer cells to meet their bioenergetic, biosynthetic, and redox demands (11–13). Although much is known about the role of aerobic glycolysis in cancer, less is understood about the role of glutamine metabolism. Glutamine is required to maintain the pool of the TCA cycle intermediate α-ketoglutarate, to support nucleoside and lipid biosynthesis, and to sustain protein glycosylation (14–17). Oncogenes, such as c-MYC and KRAS, greatly increase the uptake and catabolism of glutamine in cancer cells (18, 19), which leads to glutamine depletion in cancerous tissues (20, 21). Furthermore, nutrient competition can facilitate immune evasion of tumor cells (6, 22). However, the roles of glutamine deprivation on modulating the TME, and the underlying mechanisms that are involved, are not fully understood.

Myeloid-derived suppressor cells (MDSC) are one of the predominant components in the TME, and are known to suppress antitumor T cell responses, to support angiogenesis and metastasis, and to promote resistance to therapy (23–27). MDSCs are expanded through aberrant myelopoiesis in the bone marrow (BM), followed by mobilization and recruitment by tumor tissues (23). Tumor-produced cytokines, such as granulocyte colony-stimulating factor (G-CSF) and granulocyte/macrophage colony-stimulating factor (GM-CSF), are generally thought to induce myeloid progenitor differentiation and MDSC expansion (28–31). Thus, previous studies have aimed to decipher the regulation of these cytokines to block the generation of MDSCs (32). However, it remains unclear whether extrinsic stress, especially nutrient starvation, can stimulate cytokine production and promote MDSC expansion.

MDSC are mobilized to peripheral blood, spleen, and tumor tissues as important immune suppressors (23, 33). Moreover, our previous studies have revealed that myeloid progenitor cells are significantly increased in the peripheral blood of cancer patients, and accumulate in peripheral tissues to serve as an important source of functional MDSCs (28, 34, 35). These observations suggest that tumors systemically regulate hematopoiesis, including myeloid-biased differentiation and the mobilization of hematopoietic progenitor cells (HPCs) and immature myeloid cells. In physiological conditions, normal myelopoiesis takes place in the bone marrow and is tightly controlled by the bone marrow niche (36, 37). Although many studies have revealed the regulation of MDSCs in tumor and lymphoid tissues, the mechanism of alteration of the bone marrow niche that leads to the mobilization of immature myeloid cells in cancer remains unknown.

In the present study, we found that glutamine deprivation markedly potentiated the expression of G-CSF and GM-CSF through activating the IRE1α-JNK pathway in mouse mammary cancer cells. These cytokines were able to mobilize hematopoietic precursor cells from the bone marrow to populate peripheral tissues, especially tumor tissue. HPCs that are recruited to tumor tissues were highly proliferative and were important sources of immunosuppressive and proangiogenic MDSCs. Our work has identified an important role for glutamine starvation in regulating the expression of G-CSF and GM-CSF, and in facilitating the generation of MDSCs in breast cancer.



Materials and Methods


Materials

The detail of materials used in this study was summarized in Supplementary Material, Table S1.



Cell Culture

4T1cells (ATCC, CRL-2539) were cultured with complete RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 mg/ml). The cells were cultured at 37°C in 5% CO2-humidified atmosphere.

4T1 cells were plated overnight in complete RPMI 1640 medium. For glutamine deprivation, cells were briefly washed with phosphate-buffered saline (PBS) and cultured with glutamine-free RPMI 1640 medium supplemented with or without 2 mM glutamine at the presence of 10% FBS for 24 h. For chemical treatment, cells were washed and cultured with appropriate medium supplemented with vehicle or indicated chemicals at the presence of 10% FBS for 24 h. Chemicals were used at following concentration: DON (50 μM), BPTES (10 μM), AOA (1 mM), Glucosamine (2 mM), nucleosides (1×), APY29 (10 μM), 4μ8C (2 μM), anisomycin (2.5 μg/ml), SP600125 (10 μM).



Mouse Model

Female BALB/c mice (6–8 weeks of age) were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). 1×105 4T1 cells were injected subcutaneously into the flank of BALB/c mice, and tumor was grown for up to 4 weeks.

All animal experiments were performed according to state guidelines and approved by the ethical board of Sun Yat-sen University Cancer Center. All mice were maintained in the animal facilities of Sun Yat-sen University Cancer Center (Guangzhou, China) under specific pathogen-free conditions.



Isolation of Bone Marrow Cells and Splenocytes

Bone marrow cells were harvested by flushing the femurs and tibias of each animal in PBS supplemented with 1% FBS using a 21-gauge needle. Splenocytes were obtained by homogenizing the spleen using nylon mesh. Single-cell suspension was obtained by gently aspirating several times through a 21-gauge needle. Red blood cells were removed by ACK lysis buffer. Isolated cells were then washed and resuspended for cell culture, RNA isolation or FACS analysis.



Isolation of Tumor Infiltrating Mononuclear Cells

Tissue infiltrating mononuclear cells were obtained from fresh tumor and non-tumor tissues as described in our previous studies (34, 38). In brief, mouse tumors were cut into small pieces and digested with 0.05% collagenase type IV, 0.002% DNase I in RPMI 1640 supplemented with 20% FBS. The dissociated cells were then filtered through a 150 μm mesh and Ficoll density gradient centrifugated to obtain mononuclear cells. Isolated cells were washed and resuspended for FACS analysis or cell culture.



Real-Time PCR Analysis

Total RNA was isolated with TRI Reagent Solution and then reverse transcribed with All-In-One RT MasterMix. Real-Time PCR was performed on LightCycler System (Roche) using SYBR qPCR Mix. Thermal cycles were: 1 min at 95°C, 40 cycles of 10 s at 95°C, 45 s at 60°C. Gene expression levels were normalized to β-Actin. The primers used are summarized in Supplementary Material, Table S2.



Immunoblotting

The proteins were extracted with RIPA Lysis and Extraction Buffer and quantified with BCA Protein Assay Kit. Equal amounts of cellular proteins were separated by 10% SDS-PAGE, immunoblotted with anti p-JNK, JNK, XBP1s, CHOP, and β-Actin antibody. Antibody binding was detected using horseradish peroxidase-conjugated anti-rabbit IgG antibody and visualized with Immobilon Western Chemiluminescent kit.



Human Subjects

Tumor tissue samples were obtained from the Sun Yat-Sen University Cancer Center. All samples were coded anonymously in accordance with local ethical guidelines (as stipulated by the Declaration of Helsinki), and written informed consent was obtained. The protocol was approved by the ethical board of Sun Yat-sen University. Fresh tumor from patients with pathologically confirmed breast cancer (n = 8) were used for immunohistochemistry staining.



Preparation of Tissue Sections

The paraffin-embedded sections were prepared as described previously (39). In brief, tissues were formalin-fixed, paraffin-embedded, cut into 4 μm sections using a microtome, and dried. Mouse femurs and tibias were decalcified with 10% (m/v) EDTA solution (pH = 7.4) before embedment.



Immunohistochemistry

Immunohistochemistry was performed as described previously (39). The sections were rehydrated with a decreasing ethanol series after deparaffinized with xylene. Then, the slides were soaked in 0.3% H2O2 for 10 min to quench the endogenous peroxidase activity and boiled in 10 mM citrate buffer (pH 6.0) for 10 min for heat-induced epitope retrieval. Cooled slides were washed and incubated with anti SDF1 antibody or anti G-CSF antibody overnight at 4°C. Signals were visualized with horseradish peroxidase-conjugated anti-rabbit/mouse Dako REAL™ EnVision™ detection systems (Dako, Cat# K5007) according to the manufacturer’s instructions. All sections were counterstained and mounted with a non-aqueous mounting medium. The images were captured and analyzed by optical microscope (Olympus) or Vectra-Inform image analysis system.



Flow Cytometry

Cells cultured in vitro, bone marrow cells, splenocytes and tumor-infiltrating immune cells isolated from fresh samples were prepared and suspended in PBS buffer supplemented with 1% heat-inactivated FBS, then stained with desired antibodies (28, 34). For intracellular staining, the cells were stained with surface markers, fixed and permeabilized with Foxp3/Transcription Factor Staining Buffer Set, then stained with desired intracellular antibody. Data were acquired on Gallios or CytoFlex (Beckman Coulter) and analyzed with FlowJo software. The fluorochrome-conjugated antibodies used are summarized in Supplementary Material, Table S1.



Hematopoietic Precursors Homing Assay

Hematopoietic progenitor homing assay was performed as described previously (40). Mice were lethally irradiated (8 Gy, one dose), One or 2 irradiated mice in each group did not receive a transplant to assess the numbers of residual host-derived progenitors. 5×106 CFSE-labeled bone marrow cells from healthy BLAB/c donor mice in 200 μl PBS were intravenously injected into each mouse. After 3 h, the bone marrow cells of a femur were harvested, and a quarter of cells were transferred to colony-forming units in culture (CFU-C) assay. The number of total CFU-Cs homed to bone marrow was estimated by the number of colonies per femur (multiplied by 16.9 because one femur represents approximately 5.9% of the total murine bone marrow) (41).



Colony-Forming Units in Culture Assay

C-Kit+ cells were purified from tumor-infiltrating mononuclear cells using CD117 microbeads. C-Kit+ cells or bone marrow cells were plated and cultured in MethoCult™ GF M3434. The types and numbers of colonies were recognized and counted according to the manufacturer’s criteria after 14–16 days of culture.



Generation of MDSC From Hematopoietic Precursor Cells

To generate MDSCs, hematopoietic precursor cells were purified from bone marrow by CD117 microbeads kit. Purified c-Kit+ cells were plated at 2.5×105/well in 24-well plates in complete DMEM medium (with 10% FBS) supplemented with or without 10% tumor culture supernatant, and cultured at 37°C in 5% CO2-humidified atmosphere for 3 days.



Co-Culture of MDSC and Splenocytes

Mononuclear splenocytes were isolated from homogenized spleen of healthy donors by Ficoll density gradient centrifugation. These cells were stained with 2 μM CFSE for 10min at 37°C according to the manufacturer’s instructions. After CFSE staining, splenocytes were co-cultured with washed MDSCs at indicated ratio in the presence of 2.5 μg/ml coated anti-CD3 antibody, 5 μg/ml soluble anti-CD28 antibody and 20 U/ml recombinant IL-2. Cells were cultured at 37°C in a 5% CO2-humidified atmosphere for 3–5 days. Subsequently, the co-cultured cells were collected, stained with surface markers, and analyzed by flow cytometry.



Statistical Analysis

IBM SPSS Software (IBM Corporation) and GraphPad Prism (GraphPad Software) were used for the statistical analysis. The significance of differences between groups was determined by the Student’s t-test or Mann–Whitney test, as appropriate. The overall survival curves were generated by the Kaplan–Meier method and analyzed using the log-rank test. P < 0.05 was considered significant.




Results


Glutamine Starvation Potentiates G-CSF and GM-CSF Expression in Breast Cancer Cells

Solid tumors are challenged by a nutrient deprived tumor microenvironment during tumor progression, due to rapid consumption and limited perfusion of nutrients (4–7). To discover the response of starved tumor cells, mouse 4T1 mammary cancer cells were cultured under glutamine-deprived conditions. The expression of G-CSF and GM-CSF was significantly upregulated in glutamine-deprived cells compared to cells cultured under normal growth conditions (Figure 1A). 6-diazo-5-oxo-L-norleucine (DON) is an inhibitor of several glutamine utilizing enzyme, including glutaminase, cytidine triphosphate synthase, and L-Glutamine–D-fructose-6-phosphate transaminase (12). DON treatment enhanced G-CSF and GM-CSF expression in 4T1 cells, suggesting that DON treatment phenocopies the effects of glutamine deprivation (Figure 1B).




Figure 1 | Glutamine deprivation enhances the expression of G-CSF and GM-CSF by activating IRE1α-JNK pathway. (A) 4T1 cells was cultured with (NC) or without (-Gln) glutamine for 24h. The expression of G-CSF and GM-CSF were determined by qRT-PCR and summarized as means ± SEM. n = 3; *P < 0.05. (B) The expression of G-CSF and GM-CSF were quantified in 4T1 cells treated with or without glutamine metabolism inhibitors for 24h. DON, pan inhibitor of glutamine utilization; BPTES, inhibitor of the glutaminase GLS1; AOA, inhibitor of aminotransferase. n = 5; **P < 0.01. (C) 4T1 cells were cultured in complete medium (+Gln +Veh) or glutamine deprived medium (-Gln) supplemented with vehicle(+Veh), glucosamine(+GlcN) or nucleosides. The expression of G-CSF and GM-CSF were shown as means ± SEM. n = 4; **P < 0.01. (D) Western blot showed the level of p-JNK, JNK, XBP-1s, and CHOP in 4T1 cells after glutamine starvation. (E, F) The expression of G-CSF and GM-CSF were quantified in glutamine deprived 4T1 cells supplemented with glutamine, or treated with vehicle, 4μ8C (inhibitor of IRE1α endoribonuclease activity) (E) or APY29 (inhibitor of IRE1α kinase activity) (F) for 24 h. n = 3 in (E), n=4 in (F); **P < 0.01. (G) Transcript factors that could bind to the promoter of G-CSF and GM-CSF were predicted by JASPAR database. (H) 4T1 cells were cultured in complete medium treated with vehicle or anisomysin (JNK agonist) for 24 h. The expression of G-CSF and GM-CSF were summarized as means ± SEM. n = 3; **P < 0.01. (I) 4T1 cells were cultured in complete medium or glutamine-deprived medium treated with vehicle or SP600125 (JNK antagonist) for 24 h. The expression of G-CSF and GM-CSF were shown as means ± SEM. n = 3; **P < 0.01.



Glutamine is an important metabolite involved in mitochondrial metabolism, synthesis of nucleosides, and protein glycosylation. To elucidate the metabolic processes involved in regulating the expression of G-CSF and GM-CSF, multiple selective inhibitors and metabolic products were introduced into 4T1 culture medium. Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) and aminooxyacetic acid (AOA) are inhibitors of the kidney-type glutaminase isoform (GLS1) and aspartate aminotransferase (42, 43), which catalyze glutaminolysis. In contrast to DON, BPTES and AOA treatment did not phenocopy the effects of glutamine deprivation, indicating that glutaminolysis is not involved in regulating the expression of G-CSF and GM-CSF (Figure 1B). Supplementation of glucosamine, rather than nucleoside supplementation, attenuated the expression of G-CSF and GM-CSF induced by glutamine deprivation (Figure 1C). Collectively, these data suggested that glutamine deprivation potentiates the expression of G-CSF and GM-CSF independent of glutaminolysis.



JNK Activation Contributes to Enhanced G-CSF and GM-CSF Expression in Glutamine-Deprived Cells

Glutamine-derived hexosamine synthesis is important for protein glycosylation and endoplasmic reticulum homeostasis; we therefore evaluated the effects of glutamine starvation on the endoplasmic reticulum stress pathway. After glutamine deprivation, XBP1s and JNK were rapidly upregulated, while CHOP expression was not changed, indicating activation of the IRE1 pathway, rather than the PERK pathway (Figure 1D). IRE1 contains two functional domains, the kinase domain contributes to autophosphorylation and the activation of JNK pathway, and the endoribonuclease domain is known for splicing of XBP1 mRNA (44, 45). To identify the functional pathway involved in IRE1 regulation of G-CSF and GM-CSF expression, specific inhibitors of either IRE1 kinase activity or IRE1 endoribonuclease activity were applied to the glutamine-deprived cells. The kinase inhibitor APY29 (46) significantly blocked the upregulation of G-CSF and GM-CSF in glutamine-starved 4T1 cells, but 4μ8C (47), the endoribonuclease inhibitor, did not (Figures 1E, F).

Additionally, we used the JASPAR database to analyze the promoter regions of G-CSF and GM-CSF (48) and we found that a transcription factor downstream of JNK, the Fos-Jun complex, could bind to the promoters of both G-CSF and GM-CSF (Figure 1G). Consistently, the JNK agonist anisomycin (45) could mimic the effects of glutamine starvation in complete medium (Figure 1H). The JNK antagonist SP600125 (49) could completely inhibit the upregulation of G-CSF and GM-CSF in glutamine-starved 4T1 cells (Figure 1I). These data suggested that the IRE1-JNK pathway is activated by glutamine starvation and is critical to the upregulation of G-CSF and GM-CSF in glutamine-deprived 4T1 cells.



Hematopoietic Precursor Cells Are Mobilized From the Bone Marrow in Tumor-Bearing Mice

G-CSF and GM-CSF are important cytokines involved in myelopoiesis and HPC mobilization. To determine the effects of elevated G-CSF and GM-CSF expression on hematopoiesis, the HPC compartment was investigated in the bone marrow of tumor-bearing mice. HPCs (Lin-Sca-1-c-Kit+ cells) were gradually decreased in the bone marrow of tumor-bearing mice, and the decrease became more pronounced as tumor progression continued (Figures 2A, B). The decrease of LKs in bone marrow coincided with a reduction in common myeloid progenitors (CMP), granulocyte/macrophage progenitors (GMP), and megakaryocyte/erythroid progenitors (MEP) (Figure 2B). By contrast, LK, CMP, GMP, and MEP were markedly increased in the spleens of tumor-bearing mice (Figure 2C). Changes in the distribution of HPCs suggest that growing tumors mobilized hematopoietic precursor cells from the bone marrow to the periphery. Moreover, the proportion of GMP in hematopoietic precursor cells from the bone marrow and spleen of tumor-bearing mouse was markedly increased compared to normal mouse (Figure 2D).




Figure 2 | Myeloid progenitors are mobilized from bone marrow to the periphery as tumor progresses. (A) Myeloid progenitor subsets in the bone marrow (BM) of normal or tumor-bearing mice were analyzed by flow cytometry 4 weeks after tumor inoculation. LK, Lineage-c-Kit+ cells; CMP, common myeloid progenitors; GMP, granulocyte–macrophage progenitors; MEP, megakaryocyte–erythroid progenitors. (B) The number of myeloid progenitor subsets in the bone marrow of normal or tumor-bearing mouse at indicated time after tumor inoculation were shown as means ± SEM. n = 3~5/group; *P < 0.05; **P < 0.01. (C) The number of myeloid progenitors in bone marrow and spleen of normal or tumor-bearing mouse 4 weeks after tumor implantation were summarized as means ± SEM. n = 3; *P < 0.05; **P < 0.01. (D) The proportion of CMP, GMP, and MEP in LK cells of bone marrow and spleen from normal or tumor-bearing mouse were summarized as means ± SEM. n = 3; *P < 0.05; **P < 0.01.



The bone marrow is the primary site of HPC maintenance and hematopoiesis in adults. To gain more insight into the mobilization of HPCs, we analyzed the expression of genes that regulate HPC maintenance and attraction in the bone marrow (CXCL12, c-kit ligand, angiopoietin-1, vascular cell adhesion molecule-1 and osteopontin) in tumor-bearing mice. The expression of these genes, with the exception of osteopontin, was 2–4 fold downregulated in the bone marrow of tumor-bearing mice (Figure 3A). Meanwhile, the key components of the bone marrow niche, mesenchymal stem cells (CD45-Lin-CD34-c-kit-CD29+) and CXCL12 producing cells, were significantly decreased in the bone marrow of tumor-bearing mice (Figures 3B, C).




Figure 3 | Tumor impairs the residence of hematopoietic precursor cells in the bone marrow. (A) The expression of genes that regulate HPCs maintenance and attraction (Cxcl12, c-kit ligand, angiopoietin-1, vascular cell adhesion molecule-1 and osteopontin) in the bone marrow of normal (N) or tumor-bearing (T) mice were quantified by qPCR and summarized as means ± SEM. n = 5; *P < 0.05; **P < 0.01. (B) The number of mesenchymal stem cells (CD45-Lin-CD34-c-kit-CD29+) in the bone marrow of normal (N) or tumor-bearing (T) mice were detected by flow cytometry and summarized as means ± SEM. n = 3; *P < 0.05. (C) Immune staining showed the CXCL12 expression in the bone marrow of normal (N) or tumor-bearing (T) mice. (D) 5×106 CFSE labeled bone marrow cells were intravenously injected into lethally irradiated normal or tumor-bearing mouse. Labeled hematopoietic precursor cells homing to the bone marrow of normal (N) or tumor-bearing (T) mice after 3h were analyzed by flow cytometry. (E) The proportion of labeled precursors in (D) was summarized as means ± SEM. n = 5; **P < 0.01. (F) Colony forming assay showed the hematopoietic precursors homing to the bone marrow of normal (N) or tumor-bearing (T) mice. (G) The colony units in (F) were calculated and summarized as means ± SEM. n = 5; **P < 0.01.



To evaluate the impact in progenitor trafficking in the bone marrow, we assayed hematopoietic progenitor homing to the bone marrow. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled bone marrow cells from congenic donor mice were intravenously injected into lethally irradiated normal or tumor-bearing mouse. Compared to normal mice, CFSE labeled c-kit+ precursors and hematopoietic colony-forming cells, homing to the bone marrow, were markedly reduced in tumor bearing mice (Figures 3D–G). These data demonstrate that breast cancer growth leads to perturbations in the bone marrow niche, resulting in mobilization of HPCs to the periphery.



Hematopoietic Precursor Cells and Myeloid-Derived Suppressor Cells Are Highly Enriched in Mouse Mammary Tumors

In addition to the spleen, HPCs (CD11b-c-kit+) also infiltrated into the tumor tissues. In addition to the increase of HPCs in the spleen (normal: ~1%, tumor-bearing: ~3%), HPCs were also enriched in the tumor tissues (~6%) of tumor-bearing mice (Figures 4A, B). The tumor-infiltrating c-kit+ cells were capable of myelopoiesis, as demonstrated by a colony-forming assay (Figure 4C). Consistently, the proportion of MDSCs, including M-MDSCs and PMN-MDSCs, was markedly increased in the spleens of tumor-bearing mice, and was even higher in tumor tissues (Figures 4D, E). Tumor-infiltrating MDSCs were rarely capable of proliferation, while approximately 30% HPCs were proliferating within the tumor tissue (Figures 4F, G). These results suggested that tumor-infiltrating HPCs are important sources of MDSCs that accumulate in the tumor tissue.




Figure 4 | Myeloid progenitor cells are further enriched in the tumor tissues. (A, B) Representative flow cytometry showed the proportion of CD11b-c-Kit+ hematopoietic precursors in the spleen of normal mice (Spleen - N; SP-N), the spleen (Spleen - T; SP-T) and tumor tissue of tumor-bearing mice (A). The percentage of hematopoietic precursor cells was summarized as means ± SEM in (B). n = 3; *P < 0.05; **P < 0.01. (C) Colony forming assay showed the myelopoiesis capacity of tumor-infiltrating precursors. (D, E) The proportion of M-MDSC and PMN-MDSC in the spleen of normal mice (Spleen - N; SP-N), the spleen (Spleen - T; SP-T) and tumor tissue of tumor-bearing mice were analyzed by flow cytometry (D) and summarized as means ± SEM in (E). n = 3; *P < 0.05; **P < 0.01. (F, G) The proliferation of M-MDSC, PMN-MDSC, and HPC in the tumor tissues were analyzed by flow cytometry (F) and summarized as means ± SEM in (G). n = 4; **P < 0.01.





Tumor Cells Induce HPCs to Generate MDSCs, Promoting Immune Evasion of Tumor Cells

To reveal the direct influence of tumor cells on tumor-infiltrating HPC differentiation and function, purified HPCs were cultured with or without 10% tumor culture supernatant for 3 days. Most of HPCs cultured in both conditions differentiated into myeloid descendants with MDSC phenotypes (Figure 5A). Exposure to the tumor cell culture supernatant resulted in a significant expansion of the MDSC population (Figure 5B). Subsequently these myeloid descendants were co-cultured with activated splenocytes to assess their immunosuppressive capacity. MDSCs induced by tumor supernatant significantly inhibited the proliferation of T cells, especially cytotoxic T cells (Figures 5C, D). These data suggest that tumor-infiltrating HPCs can expand to immune-suppressive MDSCs in tumor tissue.




Figure 5 | Tumor supernatant could expand tumor-infiltrating precursors into myeloid-derived suppressor cells. (A) 2.5×105 purified c-Kit+ precursors were cultured with or without 10% tumor supernatant (TSN) for 3 days. The phenotype of cultured cells was analyzed by flow cytometry. (B) The number of monocytic (M) and polymorphonuclear (PMN) myeloid-derived suppressor cells (MDSC) in (A) was summarized as means ± SEM. n = 5; *P < 0.05. (C) Cells cultured in (A) were coculture with CFSE labeled splenocytes at indicated ratio in the presence of anti-CD3 and anti-CD28 antibody. The proliferation of T cells was analyzed by flow cytometry. (D) The proportion of non-dividing T cells and cytotoxic T cells was summarized as means ± SEM. n = 5; *P < 0.05; ***P < 0.001.





High G-CSF Expression Is Significantly Associated With Poor Overall Survival in Human Breast Cancer Patients

To detect the expression of G-CSF in tumor tissue, G-CSF was stained by immunohistochemistry in paraffin-embedded tumor sections from breast cancer patients. The expression of G-CSF was evaluated as weak, moderate, or strong (Figure 6A, representative staining images). In a larger set of human breast cancer samples from two publicly available datasets from the NCBI GEO database (GSE1456 and GSE20685), we tested the correlation of G-CSF mRNA expression and overall survival. High G-CSF expression was significantly correlated with poorer overall survival compared with low G-CSF expression (GSE1456, hazard ratio [HR] = 2.23, 95% confidence interval [CI] = 1.19 – 4.15, p = 0.012; GSE20685, HR = 1.60, 95% CI = 1.03 – 2.47, p = 0.035) (Figures 6B, C).




Figure 6 | High G-CSF expression was significantly associated with decreased overall survival in human breast cancer patients. (A) Immunohistochemistry showed different expression levels of G-CSF in human breast cancer patients. (B, C) Kaplan–Meier plots of overall survival (OS) rates of breast cancer patients from two GEO data set (GSE1456 [B] and GSE20685 [C]) stratified by G-CSF expression. P value and hazard ratio (HR) was calculated by the log-rank test.






Discussion

Myeloid derived suppressor cells (MDSC) are one of the predominant components in the TME, where they can suppress antitumor T cell responses (50). Better understanding of what leads to the accumulation of MDSCs in tumor tissues and the underlying mechanisms involved would inspire therapies that may abrogate an immunosuppressive TME. It has previously been unclear how glutamine-deprived conditions modulate the expansion and mobilization of MDSCs in breast cancer. In the present study, we dissected the impact of low glutamine on regulating the expression of G-CSF and GM-CSF in mouse mammary tumor cells, we elucidated the role of the bone marrow niche in the mobilization of myeloid precursors in breast cancer, and we provide evidence to mechanistically link microenvironmental glutamine depletion in cancer to the expansion and mobilization of MDSCs. Our study provides important evidence that glutamine deficiency in tumor tissues leads to expansion and mobilization of MDSCs by potentiating the expression of tumor-derived G-CSF and GM-CSF.

Solid tumors are challenged by highly hypoxic and nutrient-deprived tumor microenvironments, due to rapid nutrient consumption and limited perfusion (4–7). Hypoxia contributes to drug resistance and accumulation of immune suppressive cells (4, 51, 52). Nutrient depletion in solid tumors also has profound impacts on both cancer cells and tumor-infiltrating immune cells (7, 22, 53). Glutamine is one of the fundamental nutrients for cancer cell survival and proliferation, glutamine uptake and consumption are markedly increased in tumors. Increased glutamine catabolism depletes the local supply and leads to glutamine deprivation in the tumor tissues, including breast cancer, pancreatic cancer and sarcomas (7). Glutamine deficiency can promote dedifferentiation and drug resistance of melanoma cells through inhibition of histone demethylation (7). However, it is unclear what links tumor cell responses to glutamine deficiency to modulation of tumor microenvironment. Here, we found that glutamine deprivation markedly increased the expression of G-CSF and GM-CSF in mouse mammary cancer cells in vitro. It was reported that the level of G-CSF and GM-CSF were significantly upregulated in 4T1 tumor-bearing mice compared to normal mice (54). These cytokines systemically promote the expansion and mobilization of immature myeloid cells in tumor-bearing mice by impairing the maintenance capacity of hematopoietic progenitor cells in the bone marrow. After egress from the bone marrow, we found that the myeloid precursor cells were recruited to tumor tissues, where they act as immune regulators. Moreover, MDSCs could promote angiogenesis by secreting vascular endothelial growth factor and matrix metallopeptidase 9 (50). The expansion and mobilization of MDSCs is a potential response of solid tumors to improve vascular perfusion under glutamine deficient conditions. In the present study, glutamine deprivation was used to represent the nutrient-deficient condition in tumor tissues, it should be noted that other factors, such as tryptophan and arginine, may also contribute to the results.

Glutamine contributes to multiple catabolic and anabolic metabolic pathways in cancer cells, and the effects of glutamine metabolism on cell signaling, proliferation, and differentiation are becoming more clear (12, 55). We found that treatment of breast cancer cells in vitro with DON, an inhibitor of several glutamine utilizing enzymes, phenocopied the effects of glutamine deprivation and led to an increase in G-CSF and GM-CSF expression. These data collectively suggested that blocking glutamine metabolism in cancer cells potentiates the expression of G-CSF and GM-CSF. Glutamine is an important resource for mitochondrial metabolism, synthesis of nucleosides, and glycosylation of proteins (14–17). We therefore applied several selective inhibitors and metabolic products to determine which metabolic processes are involved in regulating the expression of G-CSF and GM-CSF. Blocking glutaminolysis process by BPTES and AOA had negligible effects on G-CSF and GM-CSF expression. On the other hand, supplementation of glucosamine in glutamine deprived medium abrogated the upregulation of G-CSF and GM-CSF. Our results revealed that the IRE1-JNK pathway is activated by insufficient hexosamine biosynthesis and is responsible for the increase of G-CSF and GM-CSF expression in glutamine-deprived mammary cancer cells. Our data link glutamine starvation to the activation of the IRE1-JNK pathway and expression of G-CSF and GM-CSF.

Myeloid derived suppressor cells (MDSC) are one of the predominant components in the tumor microenvironment, and suppress antitumor T cell responses, support angiogenesis and metastasis, and promote resistance to cancer therapy (23–27). Tumor-derived cytokines, including GM-CSF and G-CSF, are potent factors that promote myeloid progenitor differentiation and MDSC expansion (28–31). However, in the bone marrow, these cytokines promote the generation of normal myeloid cells, rather than suppressive myeloid cells (56, 57). We assumed that the niche for myelopoiesis determined the function of myeloid descendants. Our data here suggest that stromal cells and molecules involved in the maintenance and attraction of HPCs are markedly decreased in the bone marrow niche of tumor-bearing mice. Hematopoietic progenitor homing assays revealed that HPC maintenance capacity was impaired in the bone marrow of tumor-bearing mouse. Furthermore, hematopoietic precursor cells and immature myeloid cells were found to egress from the bone marrow niche of tumor-bearing mice and expanded to MDSCs in peripheral tissues. Our data demonstrate that the impaired HPC maintenance capacity contributed to extramedullary hematopoiesis and MDSC expansion in tumor-bearing hosts.

It has been reported that MDSCs are substantially enriched in late stage cancer compared to early stage cancer (58, 59). Previous studies revealed that oncogenic KRAS contributes to the production of GM-CSF and to the expansion of MDSCs in a mouse model of pancreatic ductal adenocarcinoma (32). Nevertheless, the oncogene in a cancer cell is a relatively constant factor and is not sufficient for the continuous accumulation of MDSCs. We found that the expression of G-CSF and GM-CSF is regulated by glutamine concentration in the tumor microenvironment, which is a flexible factor determined by tumor size and perfusion. Our study suggests that nutrient deficiency contributes to enhance the expression of G-CSF and GM-CSF and promotes MDSC expansion as a tumor grows.

Our study dissected the impact of low glutamine on regulating the expression of G-CSF and GM-CSF in mouse mammary tumor cells. However, our study is at preclinical stage and future investigation in human models would be required to improve the translational impact. For example, antiangiogenic therapy is known for causing limited perfusion and deficient nutrients in tumor tissues. We found that glutamine deprivation could promote the generation and mobilization of MDSCs by enhancing G-CSF and GM-CSF expression. Accordingly, previous study found that MDSCs are enriched in the tumors treated with anti-VEGFA antibody and contribute to refractoriness to antiangiogenic therapy (60). Therefore, our findings might reveal a potential pathway that mediate tumor refractoriness to anti-VEGF therapy. Considering that glutamine could also support the tumor growth, it might not be an optimal strategy to abrogate this process by glutamine supplementation. Our data suggested that the IRE1α kinase inhibitor APY29, which could block the upregulation of G-CSF and GM-CSF in glutamine deprived tumor cells in vitro, might be an option for future studies to reduce the mobilization and generation of MDSC.
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Dendritic cells (DCs) are a type of an antigen-presenting cell which undertake a job on capturing antigens coming from pathogens or tumors and presenting to T cells for immune response. The metabolism of DCs controls its development, polarization, and maturation processes and provides energy support for its functions. However, the immune activity of DCs in tumor microenvironment (TME) is inhibited generally. Abnormal metabolism of tumor cells causes metabolic changes in TME, such as hyperglycolysis, lactate and lipid accumulation, acidification, tryptophan deprivation, which limit the function of DCs and lead to the occurrence of tumor immune escape. Combined metabolic regulation with immunotherapy can strengthen the ability of antigen-presentation and T cell activation of DCs, improve the existing anti-tumor therapy, and overcome the defects of DC-related therapies in the current stage, which has great potential in oncology therapy. Therefore, we reviewed the glucose, lipid, and amino acid metabolism of DCs, as well as the metabolic changes after being affected by TME. Together with the potential metabolic targets of DCs, possible anti-tumor therapeutic pathways were summarized.
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INTRODUCTION

There are three phases in the tumor formation process, which are immune surveillance, immune balance, and immune escape (1). Once tumor cells gain the ability to encounter the immune system, the next step is to nest and get used to the local environment and make its surroundings favorable to its further expansion (2). Gradually, tumor microenvironment (TME) is formed. There are three types of tumors in terms of the TME immune response status, which are inflammatory tumor or hot tumor, immune inhibitory tumor, and immune escape tumor or cold tumor (3). In a hot tumor, immune cells can act against a tumor cell and cause an inflammatory response at the local site. In the immune inhibitory tumor, inhibitory immune cells derived from bone marrow dominated in its TME and the adaptive immune response which started from dendritic cells (DCs) are inactive. In a cold tumor, immune cells cannot get inside of TME for the lack of major histocompatibility complex (MHC) I on tumor cells or no specific tumor-related antigen presented by MHC-I; in this case, immune therapy usually fails to achieve the expected response (4). Here, we seek to focus on the first two types of TME, specifically on a key component of the adaptive immune reaction chain, DCs. We also focus on how their metabolism status influences their function, what can done to regulate DCs to our purposes, what can be achieved in manipulating DCs for clinical application, and the future perspective in this area.


Tumor Microenvironment

Tumor microenvironment is comprised of various types of cells and extracellular components (5). Endothelial cells, fibroblasts, and immune cells make up most TME cell components (6); proteins, glycoproteins, and proteoglycans are functioning as a scaffold (7); cytokines, growth factors, enzymes, and hormones play their regulatory roles in it (8). Tumors cells need high levels of nutrient supply to maintain a high rate of cell proliferation; as a result, it continuously remodels TME to meet the high anabolic demand and energy production rate (9). Changes in TME always make the situation in favor of tumor development (10, 11).

On the one hand, tumor cells secrete blood vessel growth factors which form a new abnormal vessel to maximize nutrients supply (12). Thereinto, the glucose supply is mainly derived from blood and can be maintained through metabolic communication with adjacent tumor cells (13). Tumor cells in the relative hypoxia area usually undergo anaerobic glycolysis and produce a large amount of lactate, which can be discharged to TME by monocarboxylate transporters 4 (MCT4) and transported to the tumor cells with sufficient oxygen supply for consumption by MCT1 to prevent local accumulation of lactate (8). In addition to the increase in the synthesis of fatty acids in tumor cells, fat cells in the TME can also provide fatty acids to tumor cells and accelerate the division and proliferation of tumor cells (14). In addition to the vascular supply, amino acids in TME are derived from soluble proteins in the interstitial fluid. These proteins come from living cells that have been eaten and from apoptotic cells that have been recycled. Tumor cells can absorb them into vesicles by macropinocytosis and restore them to free amino acids by lysosomes (15).

On the other hand, TME can reprogram the metabolism of an immune cell (16), reducing immune activation signals, downregulating antigen recognition and presentation, and making tumor cells escape from host immune surveillance (17), thus causing tumor immune escape. Early invasion of immune cells, such as macrophages, lymphocytes, natural killer (NK) cells, and DCs, is essential for anti-tumor immunity. However, the anti-tumor immune response produced by these cells is inhibited by immunosuppressive cells, such as a bone marrow myeloid-derived suppressor cell (MDSC), a regulatory T cell (Treg), and a type 2 polarized macrophage (M2) (18). As a cell that plays a key role in TME, an MDSC has several mechanisms for immunosuppression (19). On the metabolic level, an MDSC upregulated the expression of arginase 1 (ARG1) and oxide synthase 2 (NOS2) (20). It also increased the uptake of cationic amino acid transporter 2B (CAT2B) and glutamate/cystine antiporter solute carrier family 7 member 11 (SLC7A11), thereby increasing the consumption and intracellular degradation of arginine (Arg) and cystine, exerting an immunosuppressive effect (21). The main metabolic regulation mechanism of Tregs in immunosuppression is the metabolism regulation of tryptophan (Trp) and adenosine. The expression of indoleamine 2, 3-dioxygenase (IDO) in antigen presenting cells was upregulated to induce the depletion of key metabolized amino acids (22, 23). Tumor-associated macrophages are considered as M2, which can induce angiogenesis and increase the nutritional supply of tumor cells through the high expression of vascular endothelial growth factor (VEGF) (24). As a non-immune cell, fibroblasts could be activated and proliferated in TME through the release of cytokines to recruit immune cells and secrete extracellular matrix remodeling factors and then prompt the formation of fibrous matrix to affect vascular development, which leading to tumor area hypoxia and glycolysis (25). Endothelial cells can further utilize the lactate produced by glycolysis for the angiogenesis process. Fibroblasts use lactate to produce hyaluronic acid to achieve tumor invasion (26).



DCs in Tumor Immunity

Dendritic cells are major antigen-presenting cells in the human body (27), which can process and present antigenic peptides and express them on MHC for antigen-specific T cells to recognize and induce an antigen-specific immune response. Apart from Langerhans cell, major DC cells can be divided into three categories: the conventional DCs (cDCs), plasmacytoid DCs (pDCs), and monocyte-derived DCs (moDCs). cDCs can be further classified into two subtypes: cDC1 and cDC2, according to surface molecules and transcription factors (28). cDCs originate from bone-marrow-derived precursors, which can induce T-cell dependent adaptive immunity (29). pDCs also belong to bone marrow-derived DCs (BMDCs), which undertake the role of type I interferons (IFN-I) producer. moDCs are always differentiated from monocytes; it is a reaction of inflammation and exists in specific tissues in a steady-state (30, 31). Under steady circumstances, DCs are immature antigen-presenting cells (APCs), lack the expression of costimulatory molecules, seldom secrete cytokines, and reside at peripheral tissues (32). However, immature DCs have a potent ability to capture antigens. Activated DCs can express more MHC II, C-C chemokine receptor type 7 (CCR7) (33), and costimulatory molecules and are also able to secrete a variety of cytokines. At the same time, activated DCs downregulate its antigen capturing capacity and gain the ability of migration to draining lymph nodes (dLNs) (34). The marks for DC maturation include the expression of MHC-peptide complexes on the cell surface, the enhancement of costimulatory molecules, the secretion of cytokines, and the ability to activate corresponding T cells (35). DCs can be activated through pattern recognition receptors (PRRs) binding with pathogen-associated molecular pattern (PAMP) molecules, or damage-associated molecular patterns (DAMP) molecules. PAMPs, such as lipopolysaccharides (LPS), endotoxins, bacterial flagellin, lipoteichoic acid, and nucleic acid, can be recognized by toll-like receptor (TLR), which are typical PRR. Endogenous tissue damage fragments, such as tumor cell DNA, belong to the DAMP and can also be identified by PRR. Tumor cells have their specific antigens: cancer-germ line genes antigens, rearrangement gene production, and antigens from a virus (36). Besides, inflammatory cytokines and some ligands can also activate DCs (37). DCs maintain the homeostasis of the body by activating CD8+ T cells, keep cancer cells under control, and rely on the presence of the DAMP, their metabolic status, and the activation status, which are critical to anti-tumor immunity in vivo.



Activation of DCs in TME

After TLRs recognized stimuli to activate DCs, a series of metabolic changes happened in DCs to promote maturation, embodied DC's function of migration and activation of the corresponding effector T cells. Immediately after the TLR ligand response, DCs upregulate glucose uptake and lactate production mediated by the phosphoinositide 3-kinase (PI3K) / serine/threonine kinase (AKT) pathway, and the TANK binding kinase 1 (TBK1)-IκB kinase ε (IKKε) pathway. Glycolysis produces NADPH by the pentose phosphate pathway (PPP) and citrate by the tricarboxylic acid cycle (TCA) (Figure 1). On electron transport chain (ETC), reactive oxygen species (ROS) is produced during electron transfer when ADP is converted to ATP. Physiological doses of ROS help protect antigens from degradation in DCs by the endocytosis chamber, mainly mediated by the inhibition of acid lysosomal proteases (38). Citrate, together with NADPH, are exported to the cytoplasm to provide fuel for fatty acid synthesis (FAS). Citrate converting into acetyl-CoA and incorporating into FAS are necessary steps for endoplasmic reticulum (ER) and Golgi expansion. ER expansion is common in DCs when it is activated and has demand for protein secretions, which in turn lead to unfolded protein accumulation. This process results in ER stress; the unfolded protein response (UPR) ensues the handling of this situation in cells, followed by accelerated FAS and folding-related protein synthesis (39). The uniqueness of citrate utilization in DCs is considered as being a key event in supporting DC activation, maturation, and its specialization in biological functions (40).


[image: Figure 1]
FIGURE 1. Metabolism of DCs. Glycolysis occurs after DC activation, which is powered by glucose and glycogen to produce ATP and citrate. Citrate provides the raw material for FAS, and FAS provides the necessary conditions for ER and Golgi expansion after DC activation to complete a series of functional activities. OXPHOS decreased while glycolysis increased. DC, dendritic cell; FAS, fatty acid synthesis; ER, endoplasmic reticulum; OXPHOS, oxidative phosphorylation.





GLUCOSE METABOLISM


Glucose Metabolism of DCs

The significant increase in glucose consumption and lactate production after the activation of DCs by TLR agonists results from a rapid increase of glycolytic flux within minutes of TLR agonists, stimulating all cDCs (41). However, the stimulation received by TLR can be strong or weak, but early glycolytic activation of DC always occurs. The difference is the activated DCs showing different biological energy distribution with different stimulus intensity. DC activation by strong TLR agonist (such as LPS) shows an increase in glycolysis and the elimination of ATP-coupled mitochondrial respiration and a corresponding decrease in oxidative phosphorylation (OXPHOS). However, DCs activated by weak activators, such as house dust mite (HDM), also rapidly increase glycolysis in the early stage after stimulation but lack long-term glycolytic reprogramming, which is needed to depend on hypoxia-inducible factor 1α (HIF-1α) to retain mitochondrial oxidative metabolism. DCs that received stronger stimulation show higher levels of glucose metabolism than those who received weak stimulation.

There are two stages of metabolic reprogramming in DCs after its activation. Different signaling cascades are responsible for the events. First, TLR activation initiates acute glycolysis in DCs within minutes to support the high biosynthetic requirements associated with early DC maturation in the coming hours. Then, nitric oxide (NO)-producing DCs proceed with long-term glycolysis. The acute glycolytic reprogramming of DC occurs within few minutes of TLR stimulation, independent of mammalian target of rapamycin (mTOR) but regulated by the PI3K/TBK1/IKKε/AKT signal axis. With the signal transduction, hexokinase 2 (HK2) rapidly translocates from the cytoplasm to mitochondria to support rapid glucose catabolism, which is required for DC maturation. After glucose decomposing, it enters PPP to produce lactate and synthesize into citrate, which is used for subsequent synthesis of fatty acids and cytokines.

In NOS2 expressed DCs, mammalian target of rapamycin complex 1 (mTORC1) /HIF-1α can induce NO production and impair the activities of the ETC in mitochondria through NOS2, promoting aerobic glycolysis. However, most DCs are NOS2-deficient and therefore rely on mechanisms, such as IFN-I, HIF-1α, TBK1, and IKKε, to maintain glycolysis. Meanwhile, exogenous NO also promotes the stabilization of HIF-1α and plays a certain role in maintaining glycolysis. Aerobic glycolysis occurs mainly because the immune system needs to respond quickly, although glycolysis produces ATP less efficiently than OXPHOS does, but this pathway is faster.

Extracellular glucose input and intracellular glycogen decomposition make up the consumed glucose (42). During the activation of DCs, except extracellular glucose to support DC activation, intracellular glycogen storage also plays an important role. Glycogen is a large branched-chain polymer of glucose found in the liver, muscle, and nerve tissues. The expression of glucose transporter 1 (GLUT1) is thought to support DC activation-related glycolysis. However, in DCs, GLUT1 upregulation occurs hours after TLR stimulation, but TLR-mediated glycolytic reprogramming occurs within minutes of activation. Thus, the glucose that supports the earliest events in DC activation is thought to come from intracellular glycogen (43). DCs possess intracellular glycogen storage and have the mechanism to catabolize intracellular glycogen, which can support its activation and effector functions. Glycogen-derived carbon preferentially supports the synthesis of citrate. Inhibition of glycogen catabolism impairs the function of DCs (44).

In vitro, glucose is critical for DCs migration to C-C motif chemokine ligand 21 (CCL21). Blocking glycolysis serves to destroy the optimal migration of DCs to dLNs. The inhibition of glycolysis leads to the damage of CCR7 oligomerization and reduces the ability of movement of DC significantly. At the same time, DCs lose the dynamic and elongated phenotype and present a circular shape, considered as a movement that defected DCs. This also suggests that glycolysis may play a key role in cytoskeletal remodeling (45).



Glucose Metabolic Changes of DCs in TME

Activated DCs rely on glycolysis and PPP to maintain their energy production and membrane integrity, provide elements for the generation of an inflammatory mediator, and sustain their ability to migrate (17). Inhibition of glycolysis impairs the functions of DCs, including antigen presentation, cytokine production, and T-cell stimulation. The upregulation of MHC II expression on the surface of DCs needs molecule redistribution of endocytic compartments through lysosome tubulation, which needs energy support. In addition, the process of peptides loading onto MHC II needs lysosomal compartment acidification. The process needs ATP coming from glycolysis (34). TLR-induced costimulatory molecule expression and cytokine secretion also need energy from glycolysis, CD40, CD86, the costimulatory molecules and interleukin (IL)-12, the key polarized cytokines of T helper (Th) 1 are important factors in DC function. Meanwhile, some other studies showed that inhibiting glycolysis 8 h after the initial activation of DCs did not result in the functional inhibition of DCs but enhances the ability of DCs to induce T cells, which may be due to DCs having reached dLNs by the time the DCs were studied in Kedia-Mehta and Finlay (46).

After DC activation, many effective T cells will be activated. When multiple T cells interact with DCs, T cells will consume a large number of nutrients, thus affecting the utilization of glucose by DC. The competitive uptake of glucose by activated T cells can disrupt the glucose supply of DC, inactivate the mTORC1/HIF-1α/NOS2 glucose-sensing signaling pathway, and promote the output of pro-inflammatory DC to enhance the response of T cells.

As an important metabolite of glycolysis, lactate has important influence on the activation and function of DC in many aspects. The lactate in the TME can promote tumor growth through G-protein-coupled receptor (GPR81), a g-protein-coupled lactate receptor. Lactate can activate GPR81 on DCs of mice to inhibit MHC II presentation on the DC surface. It also has an association between GPR81 activation on DCs and the reduction of cyclic adenosine monophosphate (cAMP), IL-6, and IL-12 (47). Lactate can also attenuate IFN induction in pDC through GPR81 receptor or directly introduce lactate into the cytoplasm through monocarboxylic acid transporter in pDC, affecting cell metabolism required for pDC activation. Another mechanism is to induce Treg production by promoting the tryptophan metabolism of pDC and generating kynurenine (Kyn) (48). The absence of GPR81 can inhibit tumor growth and promote tumor immunotherapy (49). At the same time, the lactate in TME can inhibit TLR3 and its downstream IFN-I and the stimulator of interferon genes (STING), which accelerates the degradation of antigen, affects the cross-presentation ability of DCs, and thus fails to initiate the anti-tumor response (50). Lactate dehydrogenase (LDH) is a metabolic enzyme that catalyzes the conversion between lactate and pyruvate. Tumor cells activate HIF-1α and c-Myc due to hypoxia, and these transcription factors bind to the promoter of LDHA, upregulating the expression of LDHA and converting more pyruvate to lactate (51). The accumulation of lactate in TME inhibits the activation and antigen expression of DCs. Therefore, the high expression of LDH is also considered as a biomarker with poor prognosis (52).

Glycogen is not only an important source of DC-activated glucose but also an important substance for tumor cell growth. In a study of pancreatic cancer, tumor cells deficient in HIF-1α had glycogen accumulation and inflammatory cytokines secretion, which recruited cDC into tumor stroma. cDCs secrete cytokines for promoting tumor angiogenesis (53). The accumulation of glycogen in tumor cells makes cDCs have completely opposite functions as usual (54). Metabolism of tumor cells, such as lactate production by glycolysis and glutamine catabolism, formed an acidic TME. The acidification of TME obstructs the ability of DCs for antigen uptake and the stability of antigen-MHC-I complex. The negative or positive effect of pH for antigen uptake depends on the receptors combined with antigen, and the antigen-MHC-I complex preferred a neutral environment (55). Mannan receptor (MR), as a receptor expressed in a variety of APCs included DCs, is also affected by pH. The low pH of TME reduces the ability of MR to bind antigens. At the same time, however, low pH in TME inhibited glycolysis and lactate production, increased mitochondrial respiration, and downregulated the activity of mTORC1. In this environment, monocytes are more likely to differentiate into moDCs (56).

There is often more ROS storage in TME due to the high glucose metabolism of tumor cells. As a by-product of ETC, ROS has different effects on tumor and immune cells at different concentrations (57). At a low concentration, it can promote cell proliferation, differentiation, migration, and angiogenesis. With the increase of ROS concentration, the stress response of cells will be activated, causing inflammation, fibrogenesis, tumor growth, invasion, and even cell death (58). High ROS levels in TME can lead to DNA, protein, and lipid damage, and tumor cells have the ability to remove more ROS due to their antioxidant defense function (59). A high level of ROS often leads to abnormal activation of DC, possibly because of the oxidation of high mobility group protein B1 (HMGB1), an important molecule for inducing DC maturation, by ROS, leading to T-cell dysfunction (60).




LIPID METABOLISM


Lipid Metabolism of DCs

Lipids, including fatty acids, triglycerides, cholesterol, phospholipids, and sphingolipids, are precursors of many molecules that have important biological roles (61). Lipids which are widely distributed in organelles, such as cholesterol and fatty acids, are the main components of cell membranes; lipids can provide energy in the absence of nutrients (62) or synthesize more complex fat-containing substances (63) and can serve as second messengers in cells to transmit signals (64). Activation of DCs is associated with an increased ability to capture and present antigens and an increase in the synthesis of cell surface proteins or secretory proteins. This process is regulated by the expansion of fatty acid synthesis depending on the ER and Golgi body network in BMDCs stimulated by granulocyte-macrophage colony-stimulating factor (GM-CSF). During DC activation, ER and Golgi bodies always expand to support the synthesis of fatty acids after TLR-driven glycolysis. There is an increased demand for biosynthesis in activated DCs. Intermediates produced by glycolysis and mitochondrial metabolism, such as acetyl-CoA, are nutrient sources for de novo synthesis of fatty acids and are essential for DC activation (37). When DCs are stimulated to mature in vitro, the accumulation of fat and glycogen occurs in DCs cells. The promotion of fatty acid synthesis in response to TLR stimulation also leads to an increase in lipid storage in lipid droplets.

Fatty acid metabolism is involved in DC development, maturation, and function. With its integration with mitochondrial function, the FAS affects DC derivation, which can not only block moDC formation from human PBMC but also prevent the generation of DCs in primary and secondary lymphoid organs. At the meantime, FAS decreases MHC II and increases CD40 expression on the DC surface. As a key transcription factor regulating lipid metabolism, peroxisome proliferator-activated receptor (PPAR) was found to be significantly upregulated in vitro in moDCs induced by the GM-CSF and IL-4 (65). Saturated and polyunsaturated fatty acids are agonists of TLR4, which can promote the expression of pro-inflammatory transcription factors. However, in mature DCs, high-density lipoprotein and low-density lipoprotein will damage the TLR4 signaling (66). Arachidonic acid and eicosapentaenoic acid can affect moDCs differentiation, cytokine production, and T-cell stimulation. Studies have shown that lauric acid can stimulate LPS-induced DC maturation and facilitate T-cell activation, while docosahexaenoic acid (DHA) plays an opposite role and can inhibit the same DC maturation. Besides, DC shows a tolerogenic phenotype after vitamin D3 treatment.

Several studies have shown that fatty acid metabolism is also important for tolerogenic DCs. The oxidative activity of fatty acids in tolerogenic DCs is higher than that in mature DCs, and the decrease of fatty acid production leads to the decrease of immunogenicity in DCs. Mature DCs tend to choose the glycolytic metabolic pathway and preferentially use glucose as a carbon source. In contrast, tolerogenic DCs were more prone to have OXPHOS and fatty acid oxidation (FAO) pathways. This metabolic reprogramming of DCs results in a different status in DC cell function (67). While tolerogenic DCs shift cell metabolism to OXPHOS and FAO, this highly decomposable energy spectrum may be associated with the large amount of energy required for inhibitory activities and protein degradation (68).



Lipid Metabolic Changes of DCs in TME

Abnormal accumulation of lipids in DCs is one of the main mechanisms of DCs dysfunction. Lipid accumulation in DC can reduce antigen handling capacity, downregulate co-stimulating molecule CD86, and overexpress tolerogenic cytokine IL-10 (69). The mechanism for lipid accumulation can be increased by fatty acid synthesis or lipid uptake from plasma (67). In ovarian cancer, the expression of fatty acids synthase (FASN), the key enzyme of de novo lipogenesis, was found increased. The upregulated FASN leads to an increase of fatty acids synthesis in ovarian cancer cells, and the high concentration of fatty acids in TME results in fatty acids accumulation in DCs, thus affecting its function. Targeting FASN upregulation of the tumor-promoting pathway can enhance anti-tumor immunity (70). A study in hepatocellular carcinoma (HCC) found the upregulation of FAS-related genes in most HCC tissues. At the same time, DCs can express scavenging receptors to promote the accumulation of lipids in cells, resulting in a reduced expression of costimulatory molecules and cytokines, reducing its ability to activate T cells. This phenomenon mainly occurs in cDCs but not in pDCs (71). The intratumoral infiltration of pDCs is considered as one factor associated with poor prognosis, because of their ability to induce Tregs and promote IL-7 secretion (72). Cetyl-CoA carboxylase inhibitor can normalize lipid abundance in DCs and restore DC function (73).

Studies have shown that the accumulation of oxidized lipids, especially triacylglycerol (TAG), can cause DC dysfunction and shorten its life span. The increased TAG level in DCs of lymphoma mouse or patients with lymphoma is mainly realized by regulating the expression levels of scavenger receptor A, lipoprotein lipase, and fatty acid-binding protein 4, and promoting the uptake of TAG in BMDCs and moDCs (74). Consistent with these findings, lipid droplet accumulation in ovarian cancer is also to be responsible for the failure of DCs to induce an anti-tumor T-cell response, and the dysfunctions of DCs in radiation-induced thymic lymphoma and mesothelioma are also because of lipid accumulation (74). In lung cancer, the amount of DCs in the peripheral blood of a patient at the initial treatment period is significantly less than that in the healthy control group. The number of moDCs and pDCs is also significantly reduced in stage III and IV patients. In patients with stage IV lung cancer, the lipid accumulation in DCs is significantly higher than that in the control group, with the highest accumulation intensity in moDCs. The accumulated lipids in the cell are identified as TAG (75). moDCs derive from peripheral mononuclear cells, differentiated under the action of GM-CSF and IL-4, and preferentially induce naive T cells into mature Th1 cells (76). When immature moDCs were exposed to mesothelioma cells, their lipid levels were significantly higher than that of the control group and inparallel with tumor progression.

Lipids accumulated in DCs also result in antigen cross-expression impairment, which is mainly caused by a defective transportation of peptide-MHC (pMHC) class I complexes to the cell surface. In a tumor, DCs usually accumulate lipid body (LB) inside, some of them are electrophilic oxidatively truncated (ox-tr) lipids. This ox-tr-LB can covalently bind with heat shock protein 70, which is not found in control group DCs (77). This interaction prevents pMHC transfer to the cell surface, which then causes an accumulation of pMHC in the late endosome/lysosome. Therefore, tumor-related DCs cannot stimulate sufficient CD8+T cell response (77). In the early days of DC maturity, tumor cells can secrete a-fetoproteina (AFP) to inhibit FAS and mitochondrial metabolism of DC, which is mediated by AFP downregulating the expression of sterol regulatory element-binding protein-1 (SREBP-1) and PPAR-γ coactivator-1α (PGC1-α), the DC metabolism-regulating molecules. These metabolic changes occur as early as 24 h after AFP exposure (78).

Accumulation of fatty acids strengthens FAO, which leads to tumor immune tolerance (41). In melanoma, DC cells through the Wnt5a-β-catenin-PPAR-γ signaling pathway can upregulate the expression of carnitine palmitoyltransferase-1a (CPT1A) fatty acid transporter protein, drive the FAO process, promote the development of Tregs, inhibit the activation of effector T cells, and establish immune privilege sites (79). Blocking this pathway can enhance anti-melanoma immunity, enhance anti-programmed death-1 (PD-1) antibody immunotherapy efficiency, and inhibit disease progression (79). Tumor cells can secrete fat-containing exosomes as a fatty acid carrier and activate PPARα of DCs to induce the synthesis of lipid droplets in DCs and enhance FAO, inducing the transformation of DC metabolism from glycolysis to OXPHOS, leading to the dysfunction of DC. As a key molecule of metabolic regulation, PPARα can be used as a target of immunotherapy and has a great potential in anti-tumor therapy (80).

Recent studies have highlighted the complexity of lipid metabolism in regulating DC function. In normal conditions, inositol-requiring enzyme-1α (IRE1α)–X-box-binding protein 1 (XBP1) signal is essential for DC function (81). However, DCs in tumors can accumulate oxidized lipids, inhibit T cell function, and promote the progress of the tumor. The specific mechanism is considered through activating the ER stress response via IRE1 and then activate XBP1, which promotes the synthesis and accumulation of fatty acids and triacylglyceride and thereby decreases DC immunogenicity (82). Therefore, removing XBP1 from DCs can enhance the immunogenicity of DCs and initiate a protective immune response against the tumor. Removal of vitamin E by ROS also improved ER stress response in DCs (82). Vitamin D3-treated DCs can induce the expression of immunoglobulins like transcript 3 (ILT3), which leads to the amplification of ILT3-dependent CD4+Foxp3+Tregs and the immunosuppression (83). It also has been reported that 1,25-(OH)2D3, the active form of vitamin D3, can induce a tolerogenic phenotype of DC by activating the PI3K/AKT/mTOR dependent glycolysis in moDCs for metabolic reprogramming (84). Binding of vitamin D3 to vitamin D receptor significantly increases the binding affinity of nuclear factor-κB (NF-κB), inhibits the activation and transcription activation of NF-κB, and induces tolerogenic DCs formation. DC treated with BAY 11-7082 (NF-κB inhibitor) shows a low expression of MHC II and CD40 molecules, and the DC treated with injection BAY 11-7082 in vivo induce the production of CD4+ Tregs (68). Lipid metabolism of DC can also be affected by the state of TME acidosis. Malignant mesothelioma (MM) cells produce a large amount of lactate due to aerobic glycolysis, which result in acidosis and transforming growth factor (TGF)-β secretion. A large amount of lipid droplets formed in DCs, leading to a decreased ability of DCs to migrate to lymph nodes or activate T cells (85).




AMINO ACID METABOLISM


Amino Acid Metabolism in DCs

Under normal circumstances, the synthesis of amino acids in DC is essential for the function of DC. After TLR receives a stimulation, an increasing mitochondrial content and intracellular glutamine (Gln) in an autophagy-dependent manner can change the expression of genes related to glutamine metabolism in pDCs (86). Glutamine decomposes for fueling glycolysis and transforms into α-ketoglutarate (α-KG) to support the TCA through glutaminolysis in normal conditions. It also is one of the essential components in producing uridine diphosphate n-acetylglucosamine (UDP-GlcNAc), which is a very important element for maintaining the expression of transcription factor c-Myc. mTORC1 can induce the expression of c-Myc, which also depends on the availability of amino acids and regulating glutaminolysis. c-Myc protein has a short half-life span in lymphocytes and can continuously express only in cells with high amino acid uptake rate and high protein synthesis rate (87).



Amino Acid Metabolic Changes of DCs in TME

Trp is an essential amino acid in the human body, involved in the de novo synthesis of nicotinamide adenine dinucleotide (NAD+) (88). Its metabolic status can affect the anti-tumor immune function (Figure 2). IDO, a member of the heme dioxygenase family, is a rate-limiting enzyme for the catabolism of Trp, which can be expressed and secreted by both tumor cells and immune cells in the TME (89). After IDO decomposed Trp and product Kyn, the Trp deprivation happened locally, and the metabolite affects immune microenvironment. Kyn can be used as an aryl hydrocarbon receptor (AhR) agonist to induce the expression of AhR in DCs (90). The downstream Trp metabolite of Kyn, 3-hydroxyanthranilic acid (3-HAA), can directly target nuclear coactivator 7 (NCOA7) to increase the transcriptional activity of AhR in cDCs and induce the generation of Treg (91), which also induces other DCs to produce IDO1 through its interaction with cytotoxic T-lymphocyte antigen 4 (CTLA4) (92). At the same time, AhR can in turn upregulate the expression of IDO, thus exacerbating the immunosuppressive effect (46). Kyn itself can also act as a signaling molecule to block the anti-tumor immune response (93). The absence of Trp increases uncharged transfer RNA (tRNA), leading to a comprehensive stress response mediated by general control non-derepressible 2 (GCN2). GCN2 is a direct sensor for a low level of cellular amino acids and is activated to stimulate free radical reprogramming of cell functions, leading to immune cell cycle arrest and autophagy when the acquisition of cell amino acids is limited (94). Trp depletion also can directly activate GCN2, which promotes Treg differentiation and also inhibits T-cell function (95). However, tumor cells can upregulate the expression of amino acid transporters and regulate the sensitivity of amino acid sensors of itself such as GCN2 and mTOR signals to respond to amino acid reduction.
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FIGURE 2. Important amino acid metabolism in DCs. IDO1 can affect DC function by tryptophan metabolism. The upregulation of IDO activity leads to the production of Tregs. ARG1 catalyzes arginine to produce ornithine to produce spermine, which can affect IDO1 function through an intermediate pathway. NO, produced by NOS metabolism, inhibits the function of ETC. IDO1, indoleamine 2,3-dioxygenase 1; ARG, arginase; NO, nitric oxide; ETC, electron transport chain.


As a semi-essential amino acid, Arg is a major precursor for the synthesis of cancer-related compounds, such as NOS, NO, and polyamines (96). Both NOS and ARG1 catalyzed Arg decomposition. ARG1 breaks down Arg to produce urea and L-ornithine (Orn) for further protein synthesis. NOS can use Arg to produce NO and L-citrulline. TGF-β can induce the co-expression of IDO1 and ARG1 in DCs. There is also an intermediary pathway between IDO1 and ARG1: spermine, the downstream product of ARG1, can induce IDO1 in DC. Phosphorylation of IDO1 in DCs and the subsequent activation of IDO1 signals strictly depend on the prior expression of ARG1 and the production of ARG1-dependent polyamines. Polyamines can regulate DC differentiation to IDO1-dependent immunosuppressive phenotypes by activating steroid receptor coactivator (SRC) 1 kinase, which includes IDO1 phosphorylation activity (97). The expression of IDO, ARG1, or NOS2 will lead to a decrease of Trp and Arg levels and affect the nutrition-related signaling pathway. Decreased amino acid levels also affect the functional status of immune cells.




METABOLIC SENSOR OF DCs IN TME


mTOR Signaling

Cell energy catabolism is characterized by increased energy decomposition and over energy consumption, which is controlled by mTOR. There are two stages of metabolism transformation of DCs from OXPHOS to glycolysis: early glycolysis is NOS2 independent and mediated by TBK1-IKKε-AKT pathway and long-term glycolysis is raised by PI3K-AKT-mTOR signal (98). mTOR forms two complexes, the mTORC1 and mammalian target of rapamycin complex 2 (mTORC2), which regulated DC metabolism in several aspects (99).

In general, mTORC1 acts as a key component of metabolic regulation that can be activated by growth factors, cytokines, and chemokines, which bind to cell surface molecular such as receptor tyrosine kinases (RTKs) and activate signal intermediate like PI3K (Figure 3). Then, phosphatidylinositol-4, 5-bisphosphate (PIP2) convert into phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) and recruit pleckstrin homologous (PH) domain proteins (such as AKT, mTORC2, and pyruvate dehydrogenase kinase isozyme 1), resulting in AKT activation. Finally, AKT activates mTORC1 and promotes protein synthesis in cells (100). Phosphorylation of AKT inactivates the tuberous sclerosis complex protein (TSC) 2, which inhibits mTOR by forming complexes with TSC1. mTOR can be activated by TSC2 inhibition (101). In general, two major ways to inhibit mTOR is phosphatase and tensin homolog (PTEN) or AMP-activated protein kinase (AMPK) activation. Both PTEN makes PIP3 dephosphorylation and AMPK causes TSC2 phosphorylation, which can lead to mTORC1 inactivation (102).
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FIGURE 3. mTOR signaling in DCs. After DCs received the extracellular signals and activated the signal intermediate PI3K, PIP2 transformed into PIP3 and then activated AKT. AKT activates mTORC1 through TSC2 inactivation. When cells are in TME of hypoxia, energy deficiency, glucose deprivation or low pH, the function of mTORC1 is inhibited. PTEN and AMPK are the two main ways of inhibiting mTORC1. PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol-4, 5-bisphosphate; PIP3, phosphatidylinositol-3, 4, 5-trisphosphate; PTEN, phosphatase and tensin homolog; AKT, serine/threonine kinase; TSC2, tuberous sclerosis complex protein 2; mTORC1, mammalian target of rapamycin complex 1.


mTORC1 can promote glycolysis by improving the activity of transcription factors c-Myc and HIF-1α and is a central factor in coordinating the metabolic changes and immune response of DCs (103). The mTORC1 signaling pathway is sensitive to amino acid sufficiency through Ras-related GTPases (Rag), especially Arg, Gln, and leucine (Leu). Arg can inhibit TSC2 function for mTORC1 excitation. In a physiological situation, the decrease of glucose-6-phosphate level in extracellular fluid will facilitate the combination of mTORC1 and HK2, which caused the mTORC1 inhibition. DC hypoxia provokes DNA damage-induced transcript 4 (DDIT4) expression, which also suppress mTOR function via TSC2 (104).

mTOR is a double-edged sword of DC metabolism regulation. On the one hand, it is dispensable for DC polarization and development (105). After PRR signal activates DC, mTOR work to support DC energy anabolism via inducting the synthesis of nucleic acids, proteins, and lipids (106). For sustaining glycolysis, mTOR inhibits OXPHOS by regulating the NOS expression to product NO (107). On the other hand, the effect on DC will change under an abnormal conditions. Constitutive activation of mTORC1 can reduce the expression of MHC II by downregulating complex trans-activator (CIITA), the key factor for MHC II expression. At the same time, mTORC1 abnormal activation raised by TSC1 deletion will upregulate acetyl coenzyme A carboxase 1 (ACC1) instead and impairs DC development, further accelerating DC maturation and making cell apoptosis. mTOR or Raptor knockout can reverse this effect on DCs (108). In TME, low pH inhibits the activity of mTORC1 and also inhibits glycolysis.

The main reason for the functional difference of mTOR in DC is the spatiotemporal dependency. From the perspective of time, after the activation of DCs and generation pro-inflammatory signals, inhibition of mTOR has anti-inflammatory effects. With the migration of DC to lymph nodes and activation of T cells, the antigen presentation capacity of DC is turned off and the expression of programmed death-ligand 1 (PD-L1) and IL-10 is replaced. At this stage, the lifespan of DC is shortened due to energy consumption and metabolic transformation, and inhibition of mTOR at this phase can enhance the antigen presentation ability of DC. In terms of space, the concentration of glucose, oxygen, lactate, and amino acids around different tissues is divergent and can be sensed by mTOR. T cells activated by DCs, will compete glucose with DCs, thus caused mTOR downregulated in DCs. At this stage, drug inhibition of mTOR accentuates the signal supporting T cell activation (109).



Hypoxia and HIF

The expression of HIF-1α is an important elements for immune response process in DCs. Under hypoxia circumstance, HIF-1α can promote the expression of glycolysis gene for more energy supply, such as GLUT1 and LDH (110). HIF can also regulate the generation of ATP and ROS (111). After TLR4 activates moDCs, glycolysis in DCs is sustained by increasing the activity of HK2 through p38-mitogen-activated protein kinases (MAPK)-dependent HIF-1α accumulation, which promotes the initial rate-limiting step of glycolysis (112). In moDCs, HIF-1α also enhances TNF-α release by acting on MAPK kinase kinase 8 (MAP3K8), an upstream molecule of p38-MAPK (113). Combined hypoxia with HIF-1α also increases the production of costimulatory molecules and pro-inflammatory cytokines, and upregulates the expression of PRR, complement receptor components, and immunomodulatory receptors (114).

In solid tumors, vascular structure deficiency causes severe hypoxia of TME, leading to metabolism changes and dysfunction of DCs, such as excessive adenosine accumulation and IDO high expression, making DCs lose its function (115). After tumor radiotherapy, a large amount of ATP was released in TME, and the expression of adenosine generating enzyme CD73 was increased, which also inhibited the function of DCs. Anti-tumor ability of DCs can be restored after blocking CD73 (116). Hypoxia of TME will affect the differentiation, antigen uptake, and migration ability of DCs (117, 118). Long-term hypoxia inhibiting the migration of DCs through upregulate the expression of HIF-1α, while short-term hypoxia has been reported to enhance the migration ability of moDCs (119). Another study further confirmed this conclusion, an lncRNA lnc-Dpf3 was found to inhibit HIF-1 function by directly binding to HIF-1, and further impair glycolysis and inhibit CCR7-mediated DC migration (120). Hypoxic TME upregulated the HIF-1α expression and activate the death program of immature DCs, leading to early apoptosis. On the contrary, after DCs was stimulated by LPS in vitro can inhibit apoptosis through HIF-1α (121), but it has also been reported that DCs can be converted to autophagy under such similar circumstances (122).




DCs AND ANTI-TUMOR IMMUNOTHERAPY


DCs as a Target of Immunotherapy

In recent years, methods of producing DCs on a large scale from peripheral mononuclear cells have been developed, and an increasing number of DC-based cancer vaccines have been applied in a clinical trial in many cancer types. DCs loaded with tumor-specific antigen can stimulate the immune system of a patient, hence inducing T cells in vivo for an antigen-specific anti-tumor immune response (123). With DC cells usually derived from CD34+ precursor cells or monocytes, induced by TLR agonists and cytokines (IL-1β, IL-6, TNF-α), prostaglandin E2 (PGE2) are often used to stimulate the maturation of moDCs. Eventually, DCs can express MHC, costimulatory molecules, and cytokines and induce Th1 (124). The success of inducing DC maturation is a decisive factor in the success or failure of DC vaccine treatment.

The main antigen loading methods of DCs include short peptides, long peptides, tumor cell cracking, dendritic and tumor fusion cells, RNA transfection, DNA transfer, and neoantigens. RNA sequencing can also identify mutations in tumors and provide neoantigen in the formation for DC vaccine development (123). Among them, the DC vaccine using tumor cell lysate as the source of tumor antigen has achieved promising results on HCC. The expression of CD83 and CD86 increase significantly after tumor cell lysate loaded into DCs of mice. More tumor antigens and epitopes makes tumor lysate a more effective activator of CD8+ cytotoxic T cells and CD4+ Th cells. (125).

Although the safety of the DC vaccine has been confirmed, the efficacy is still not satisfactory. Although there are problems such as low antigen delivery efficiency, weak migration ability, and insufficient cytokine release, it still cannot play an effective role in the immunosuppressive TME. Recent research has attempted to address these limitations. The expression of Notch ligand delta-like 1 by mouse OP9 stromal cells can make cDC1 differentiate in vitro and have a phenotype closer to cDC1 differentiated under physiological conditions, which were able to express surface markers as well. DCs can also be isolated from the peripheral blood, but the amount of DCs is limited. In particular, cDC1 development is disrupted in cancer patients, such as those with pancreatic and breast cancers, and the available number of DCs is very limited (126).

More recently, new pathways have been explored to activate DCs, one of them is using TLR ligands to induce DC maturation, such as TLR3, 7, and 8 ligands. Although TLRs are present on immune cells, they are also expressed in different tumor cells, such as cells from pancreatic, breast, and ovarian cancers. Activation of TLR in tumor cells creates a TME that damages the immune system, promotes tumor development, and adversely affects the anti-tumor response in TME, and the NF-κB pathway may partly be responsible for the above unfavorable immune reactions (127). As TLR3 on DCs plays an important role in anti-tumor immunity, it is the key factor for the cross-activation of antigen-specific CD8+ T cells. TLR3 agonist ARNAX can initiate CD8+ T without the production of cytokines, cause tumor regression in mice without systemic inflammation, and can enhance the efficacy of PD-1/PD-L1 blockade (128).

In previous studies, the infiltration of pDCs in tumors is often considered as one factor for poor prognosis for patients with cancer. But in neuroblastoma (NB), TLR-activated pDCs significantly increase the cytotoxic function of dinutuximab-based NK cells through the TNF-related apoptosis-inducing ligand (TRAIL) death-receptor pathway, increase the expression levels of CD69 and TRAIL, and reduce the risk of recurrence in high-risk patients with NB (129).



Metabolic Changes of DCs Enhance the Anti-tumor Effect
 
Glucose Metabolic Changes of DCs

Mannan receptor can be an important direction for improving DC vaccines as a highly expressed receptor on APC. DCs can target tumor sites more accurately after tumor antigens are modified with mannan, producing more IFN-γ and mediating the production of antigen-specific CD8+ T cell (130). It also has a new subgroup of DCs called merocytic DCs (mcDCs) with highly expressed CD11c, and deficiency in CD8a and CD11b has been identified, which used pre-cDCs as precursors and expressing both ZBTB46 and IFN regulatory factor 4 (IRF4). mcDCs have a lower ability to ingest glucose, which resulted in a lower glycolysis dependence than cDC1 and cDC2 and endowed an ability to reverse T cell dysfunction. Therefore, the survival of mcDCs is least affected by glycolytic inhibition and may have stronger adaptability in TME (131).



Lipid Metabolic Changes of DCs

As a member of the lipid family, prostaglandins modulated by cyclooxygenase (COX) enzymes are a derivative of arachidonic acid and released by lipid membranes and control the maturity of DCs, cytokine secretion, and T-cell activation. PGE2, an immunomodulator in the inflammatory environment, is one of the most abundant prostaglandins and plays an important role. The complex effect of PGE2 on DCs depends on the site of contact, the type and amount of prostaglandin receptors available, and the maturity of DCs. In peripheral, PGE2 can stimulate the maturation of DCs, upregulate its expression of DC80 and CD86, and cause it migration to lymph nodes. When DCs matured by IFN-α and TNF-α, stimulating further exposure to PGE2 may reduce the expression of CD40 and CD86 and inhibit the presence of DC antigen efficiency (132). Tumor cells can inhibit the function of DC by secreting prostaglandin, downregulating the expression of DC lineage-specific transcription factor ZBTB46, and inducing the extracellular signal-regulated kinase (ERK)/the cyclic AMP response-element binding protein (CREB) signal related to DC differentiation to increase the synthesis of IL-10. Since COX-2 is often absent in healthy tissues, the use of the COX-2 inhibitor NS-398 to reduce prostaglandin synthesis can enhance the anti-tumor potency of DCs by enhancing their immune activity (133). It has been reported that sarcosine treatment of DCs can increase the expression of COX-1 and Pik3cg, which is manifested as the enhanced migration ability of DC, and thus improve the anti-tumor ability, including B16F10 and glioma. This finding could be used to improve the efficacy of DC vaccines (134). There are several new approaches to promoting the maturity of DCs, for example, using picibanil and TLR7/8 ligand CL097 to stimulate the maturation of moDCs while reducing PGE2 can increase the expression of co-stimulating molecules and IL-12p70 without affecting the ability of DC to induce T cells (135).



Amino Acid Metabolic Changes of DCs

The IDO pathway inhibitor indoximod can inhibit mTOR activation to reverse the immunosuppressive effect of IDO (136). IDO inhibitor can slow the growth of subcutaneous Lewis lung cancer and B16 melanoma tumor graft, in which the tumor cells do not express IDO, but the formation of tumor induces the continuous increase of IDO production and exert its function on DCs in inflammatory tumor-draining lymph node (TDLN) (137). As an important anti-tumor drug, tyrosine kinase inhibitor (TKI) has been widely used in many kinds of tumors. It can also reduce the phosphorylation level of IDO in DCs, annul the effect of IDO on DCs, and reduce Trp metabolism via inhibiting c-Kit. At present, a variety of TKIs have anti-tumor effects, such as dasatinib, which can increase the efficacy of allogenic T cells by changing the DC metabolic status, thus delaying the progress of B16 melanoma in mice (138). After DC was modified with dasatinib, the expression of IDO and Trp metabolism in DCs was downregulated through the c-Kit pathway, and T cell activation was increased. It is suggested that TKI can be used to regulate the metabolism of DC to achieve the purpose of enhancing anti-tumor ability (138). In mature DCs enriched with immunoregulatory molecules, which are sorted by their co-expression of immunoregulatory and maturation genes, the AXL (ARK) receptor tyrosine kinase can induce the upregulation of the PD-L1 (139). ARK is related to tyrosine metabolism, as well as tumor growth, migration, invasion, and epithelial–mesenchymal transition (EMT) (140).



Metabolic Sensor of DCs

At present, there are six types of drugs aimed at the PI3K-AKT-mTOR pathway: mTOR inhibitors, active site mTOR inhibitors, pan-class I PI3K inhibitors (PI3Ki), isoform-selective PI3Ki, pan-PI3K-mTOR inhibitors, and AKT inhibitors (141). Effective upregulation of mTOR enables DC to have a stronger ability to initiate T cells. It has been reported that a new type of DCs induced by CD137 ligands was named CD137L-DCs, which have a stronger capacity of T-cell induction. The higher glycolysis efficiency of CD137L-DCs compared with moDCs induced by GM-CSF and IL-4 gives it a stronger anti-tumor ability, and the higher activity of AKT-mTORC1 signal is the primary reason for this glycolysis rate. Inhibiting AKT-mTOR during CD137L-DCs maturation or inhibiting glycolysis after it maturation can make a significant inhibition of CD137L-DCs (98). Studies have shown that using rapamycin to inhibit mTOR will downregulate Cdc42 protein and lead to morphological changes of DC. The decrease of DC surface area and circumference reduces its meeting rate with T cells (142). Therefore, inhibiting mTOR incorrectly reduces the effectiveness of the drug.




Metabolic Changes of DCs Combined With Immune Checkpoint Blockade

Dendritic cells will overexpress PD-L1 when presenting antigens to T cells to protect themselves from attack. After tumorigenesis, T cells and IFN-γ upregulate the expression of PD-L1 in DCs. T cell immunity induced by DCs was inhibited, providing an opportunity for tumor immune escape and limiting the therapeutic effect of DC vaccines (143). Studies have shown that after tumor stimulation, mitochondrial metabolism in PD-1-deficient myeloid progenitor cells is significantly enhanced, which is related to further differentiation of myeloid progenitor cells. As a result, the metabolic intermediates were increased, especially cholesterol, which promoted the differentiation and antigen presentation of DCs (144). DC vaccine combined with immune checkpoint blockade (ICB) is a promising approach for tumor treatment. A study on the combination of DC vaccine and PD-L1 inhibitor in HCC showed a synergistic effect, which can induce a stronger CD8+T cell response, increase the apoptosis of tumor cells, reduce the tumor volume, and prolong the overall survival rate of mice (145).

Pyruvate kinase isoform M2 (PKM2), a key kinase that catalyzes the last rate-limiting step of glycolysis, not only catalyzes the conversion of phosphoenolpyruvate to pyruvate but also affects the expression of PD-L1 on DCs by binding to the hypoxia response elements (HREs) of PD-L1. Conformational change or silencing of PKM2 will reduce the expression of PD-L1 on DCs or tumor cells, but this method combined with ICB has limited therapeutic effect on tumors (146). This may be caused by the killing effect of CD8+T cells on DCs after the expression of PD-L1 on DCs was decreased, leading to a decrease in the antigen presentation of tumor infiltrating DC. pDC and MM cells interaction can upregulate the Kyn-3-monooxygenase (KMO) in MM cells and pDCs, and the Trp metabolites in TME are significantly increased. In the co-culture environment of MM and pDC, the combined application of anti-PD-L1 antibody and KMO inhibitor can enhance the activation and anti-tumor ability of T cells and NK cells (147).

CTLA4 can be expressed by tumor cells or immune cells, including DCs, which inhibits T-cell activation by preventing CD80/CD86 on APCs from binding to CD28. Anti-CTLA4 antibody mainly inhibit the function of Tregs by inducing antibody-dependent cell-mediated cytotoxicity (ADCC) or inducing the Treg consumption, directly. Anti-CTLA4 antibody also has a synergistic effect with DC vaccine (148).




CONCLUSIONS

Undoubtedly, if the metabolism of DCs in TME can be controlled at an ideal status, the function of DCs in the tumor can be regulated. As a crucial APC, DCs are responsible for recognizing and presenting tumor-related antigens, expressing co-stimulating molecules, secreting cytokines, and activating T cells for anti-tumor immunity. It has great potential to be a powerful tool at the starting point for tumor immunotherapy. However, the most effective way to treat tumors with DCs is the DC vaccine, but the effect is not satisfactory due to the current limitations. At the same time, there are ways to combine DC vaccines with other drugs or cytokines for cancer treatment. For example, in patients with advanced liver cancer, the combined use of DC vaccine and supportive therapy has a lower tumor burden in comparison with patients with supportive therapy alone; meanwhile, the proportion of CD8+ T cells is increased, accompanied by a decreased the level of TGF-β (149). For melanoma, the DC vaccine is a promising treatment. Compared with patients treated with the DC vaccine alone, the combination of high-dose systemic IFN-α2b and DC vaccine can significantly prolong overall survival and progression-free survival of melanoma patients (150). Perhaps in future clinical practice, a tailored DC vaccine for each tumor will be a reality. In breast cancer, the combination of statins and cytokines can promote tumor cell apoptosis by targeting the K-Ras on the membrane. Compared with simvastatin alone, human epidermal growth factor receptor-2 (HER2) peptide-pulsed DCs combined with simvastatin has better anti-tumor efficacy, and statin can enhance the anti-tumor function of the corresponding DC vaccine. Using statins reduces the membrane cholesterol content, affecting K-Ras synthesis and further interfering with the downstream PI3K/TBK/AKT intracellular signaling pathway (151). We think that the metabolic regulation in combination with DC vaccines applied in anti-tumor therapy has a significant advantage over DC vaccine usage alone. Unfortunately, there is no effective way to modify DC metabolism so far. But there is great potential in this direction. Future studies in DC metabolism may provide new insights into the more effective treatment of tumors.
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Background: Colorectal cancer, the fourth leading cause of cancer mortality, is prone to metastasis, especially to the liver. The pre-metastatic microenvironment comprising various resident stromal cells and immune cells is essential for metastasis. However, how the dynamic evolution of immune components facilitates pre-metastatic niche formation remains unclear.

Methods: Utilizing RNA-seq data from our orthotopic colorectal cancer mouse model, we applied single sample gene set enrichment analysis and Cell type Identification By Estimating Relative Subsets Of RNA Transcripts to investigate the tumor microenvironment landscape of pre-metastatic liver, and define the exact role of myeloid-derived suppressor cells (MDSCs) acting in the regulation of infiltrating immune cells and gene pathways activation. Flow cytometry analysis was conducted to quantify the MDSCs levels in human and mice samples.

Results: In the current work, based on the high-throughput transcriptome data, we depicted the immune cell infiltration pattern of pre-metastatic liver and highlighted MDSCs as the dominant altered cell type. Notably, flow cytometry analysis showed that high frequencies of MDSCs, was detected in the pre-metastatic liver of orthotopic colorectal cancer tumor-bearing mice, and in the peripheral blood of patients with stage I–III colorectal cancer. MDSCs accumulation in the liver drove immunosuppressive factors secretion and immune checkpoint score upregulation, consequently shaping the pre-metastatic niche with sustained immune suppression. Metabolic reprogramming such as upregulated glycolysis/gluconeogenesis and HIF-1 signaling pathways in the primary tumor was also demonstrated to correlate with MDSCs infiltration in the pre-metastatic liver. Some chemokines were identified as a potential mechanism for MDSCs recruitment.

Conclusion: Collectively, our study elucidates the alterations of MDSCs during pre-metastatic niche transformation, and illuminates the latent biological mechanism by which primary tumors impact MDSC aggregation in the targeted liver.

Keywords: immunosuppressive microenvironment, pre-metastatic niche, MDSC, metabolism, colorectal cancer


INTRODUCTION

Distant metastasis, especially liver metastasis, is the top killer among patients with colorectal cancer (CRC). Approximately 20% of patients with CRC suffer metastatic lesions at diagnosis (1), and 50% of these ultimately develop liver metastases (2). Numerous studies have indicated that tumor metastasis is a multi-step process (3, 4); before circulating tumor cells reach the targeted organ, the preconditioned microenvironment may be reshaped to prompt cancer cell extravasation and extracellular matrix remodeling (5). This initial step, i.e., pre-metastatic niche establishment, is predominantly derived from the shift of local stromal components and recruitment of non-resident cells (6).

The dynamic differentiation and accumulation of various immune cell populations within the pre-metastatic niche collectively support immunosuppression. Although, flow cytometry remains an essential method to measure immune cell infiltration in pre-metastatic lesions despite the limited markers, the advent of a succession of emerging methodologies to address this challenge by combining high-throughput transcriptome data while determining immune cell populations. For instance, single sample gene set enrichment analysis (ssGSEA) is a gene set enrichment method that detects even minute changes in pathway activity from highly heterogeneous data (7). Cell type Identification By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT) accurately quantifies immune cell type infiltration levels using a deconvolution approach (8). Given its great capacity, CIBERSORT has been applied in exploring immune infiltration of the tumor environment (9, 10).

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population differentiated from bone marrow hematopoietic stem cells, without terminally differentiating to mature granulocytes, macrophages, or dendritic cells. Under cancer and other chronic inflammation processes, MDSCs expand rapidly and can be grouped into two subsets in mice (11): CD11b+Ly6ClowLy6G+ polymorphonuclear myeloid suppressor cells (PMN-MDSCs) and CD11b+Ly6ChighLy6G− monocyte myeloid suppressor cells (M-MDSCs). In humans, PMN-MDSCs and M-MDSCs are characterized as CD11b+CD14−CD15+HLA-DR−; and as CD11b+CD14+CD15−HLA-DR−/low, respectively. Both of these include naive cell phenotypes arising from abnormal differentiation of progenitor cells under pathological conditions such as tumors or inflammation (12). Recently, ample evidence has highlighted the pivotal role of MDSCs in tumor progression via immune-suppressive mechanisms (13). Elevated MDSC levels have been detected in a variety of malignant tumors including breast cancer (14), bladder cancer (15), thyroid cancer (16), and non-small cell lung cancer (17), and are correlated with poor prognosis. During the tumor metastatic process, MDSCs migrate and aggregate in distant organs, and facilitate remodeling of the microenvironment toward a pre-metastatic niche. Prior researches on the pre-metastatic niche only focus on the role of MDSCs in hampering T cell activity (18), but how MDSCs change the components of pre-metastatic infiltrating immune cells other than CD8+ T cells is yet to be unveiled.

Taken together, utilizing RNA-seq data from orthotopic CRC mouse model, we applied ssGSEA and CIBERSORT and demonstrated the exact role of MDSCs acting in the regulation of infiltrating immune cells and gene pathways activation. Our research on the CRC pre-metastatic niche may facilitate control of cancer metastasis occurrence by targeting and harnessing MDSCs, thereby improving the prognosis of patients with colorectal cancer.



MATERIALS AND METHODS


Patients and Blood Samples

Blood samples were collected from 25 patients with stage I-III colorectal cancer at the Nanfang Hospital (Guangzhou, China). Ten healthy volunteers were recruited to the control group. The study was approved by the Medical Ethics committee of NanFang Hospital of Southern Medical University (application approval No. NFEC-2019-263). All patients provided written informed consent before the study.



Establishment of the Orthotopic CRC Mouse Model

All animals were obtained from the Central Laboratory of Animal Science at Southern Medical University (Guangzhou, China). All protocols for animal experiments were approved by the Nanfang Hospital Animal Ethic Committee (application approval No. NFYY-2017-128). Male BALB/c mice aged 4–6 weeks were divided into the sham-operation and tumor-bearing groups. Under anesthesia, tumor-bearing mice were disinfected and their cecum was exposed through a 5-mm incision in the left mid-abdomen. Then, 1 × 107 CT26 cells were slowly inoculated into the cecal serosa. After pulling out the needle, the injected site was pressed with a sterile cotton swab for 2 min, to prevent the CT26 cell suspension from leaking into the abdominal cavity. The sham-operation group was similarly injected with 50 μL of serum-free RPMI 1640 medium. After orthotopic injection, mice were sacrificed at 3 weeks for flow-cytometric analysis and transcriptome profiling.



Preparation of Perfusion Buffer

We prepared the perfusion buffer before the isolation experiments. To prepare perfusion buffer I, 8.0 g of NaCl, 0.122 g of NaH2PO4 * 2H2O, 0.724 g of Na2HPO4 * 12H2O, 0.4 g of KCl, 0.35 g of NaHCO3, 2.38 g of HEPES, 0.19 g of EGTA, 0.991 g of C6H12O6 * H2O, and 12,500 U of heparin sodium were weighed and dissolved in 1,000 ml of pure water; the solution was adjusted to pH 7.4 with dilute hydrochloric acid and sodium hydroxide. For perfusion buffer II, 0.029 g of CaCl2 * 2H2O, 1 ml of fetal bovine serum, and 0.03 g of type IV collagenase were measured and dissolved in 50 ml of high glucose DMEM medium. Finally, the above solution was filtered through a 0.22 μm filter and stored at 4°C for the subsequent experiments.



Isolation of Immunocytes From Organs

We used an established protocol for MDSC isolation (19, 20). Peripheral blood samples from humans and mice were added with sodium citrate anticoagulant. The anticoagulant blood samples were centrifuged at 50 × g for 5 min, then the pellet was resuspended in erythrocyte lysis buffer and placed in an ice-cold box for 10 min. After centrifugation, the pellet was resuspended with PBS and could be used directly for antibody incubation. For isolating immunocytes from bone marrow, the muscle-free hind limbs of sacrificed mice were excised and the bone extremities were cut. The bone marrow was extracted in RPMI 1640 medium by washing 2–3 times with a 1 ml syringe, until the bone became white. To isolate immunocytes from the liver, kidney, and spleen, mice were anesthetized, and the liver and the inferior vena cava were exposed through a midline incision. An intravenous catheter was inserted into the inferior vena cava and fixed. The liver was sequentially perfused with perfusion buffer I and perfusion buffer II containing collagenase IV at 5 ml/min for 5 min at 37°C. After perfusion, the liver, kidney, and spleen were excised and placed on the 100-mm strainer, and smashed gently with digestive buffer. The filtered cell suspension was collected and washed 2–3 times with PBS. Immune cells were further purified by centrifugation on 30% and 70% Percoll at 1,400 × g for 20 min. The layer between 30 and 70% Percoll was aspirated carefully, and then used for the subsequent procedures.



Flow-Cytometric Analysis of MDSCs Isolated From Organs

The cell suspensions obtained from bone marrow, liver, kidney, and spleen were centrifuged at 500 × g for 5 min. The pellet was resuspended in erythrocyte lysis buffer and placed in an ice-cold box for 10 min. After centrifugation, the pellet was resuspended with PBS. For human samples, the following antibodies were used: CD11b-APC (RanTai Co. Ltd, Shanghai, China), HLA-DR-PE (MCE, USA), CD15-FITC (Thermo Fisher Scientific, USA), CD14-PE (Thermo Fisher Scientific, USA) for 30 min on ice in the dark. For murine samples, CD11b-FITC, Ly6C-PE, Ly6G-APC antibodies (eBioscience, USA) were incubated as described above. After washing twice with 3 ml PBS, the immunocytes were analyzed on a flow cytometer (BD Biosciences, USA).



Hematoxylin-Eosin (HE) Staining

The normal liver tissues from the sham-operation group (n = 5), and the matched primary tumor tissues and pre-metastatic liver tissues (n = 9) from the tumor-bearing group were collected and divided into 2 parts, one part was embedded in paraffin, and the other part was stored at −80°C. The dehydrated paraffin-embedded sections were dewaxed twice with xylene for 10 min and then sequentially soaked in 100, 95, 90, 80, and 70% ethyl alcohol for 5 min followed by washing with PBS for 3 min, three times. After staining with hematoxylin for 10 min and washing with running water for 5 min, 3% hydrochloric acid alcohol differentiation was performed for 2 s followed by washing back to blue for 15 min. Then, the sections were stained with eosin for 3 min, followed by soaking 70, 80, 90, 95, and 100% ethyl alcohol for 5 min and twice in xylene for 10 min. After sealing with neutral balsam, the sections were imaged using a microscope (Bx51, Olympus, Japan).



Next-Generation RNA Sequencing

For the tissue acquisition, the mice were sacrificed at the 3 weeks after tumor cells injection. The normal liver tissues from the sham-operation group (n = 5), and the matched primary tumor tissues and pre-metastatic liver tissues (n = 9) from the tumor-bearing group were collected and divided into two parts, one part was embedded in paraffin, and the other part was stored at −80°C for RNA-sequencing analysis. The subsequent steps of RNA extraction and RNA-seq were performed by RiboBio Co. Ltd (Guangzhou, China).



The Cancer Genome Atlas (TCGA) Gene Expression Data

Raw counts data of TCGA datasets were obtained from the UCSC Xena browser (http://xena.ucsc.edu/). RNA-seq count data were transformed into TPM using “count2tpm” function of IOBR R package (https://github.com/IOBR/IOBR) (21) to calculate the signature score and to deconvolute the immune cell fraction.



Other Patient Cohorts Used in This Study

Seven transcriptomic data sets were enrolled in this study. GSE91061 cohort included patients with melanoma and non-small cell lung cancer treated with anti-CTLA4 and ant-PD1 therapy (22). GSE35640 cohort included patients with metastatic melanoma and non-small cell lung cancer treated with MAGE-3 agent-based immunotherapy (23). GSE115821 cohort included patients with metastatic melanoma treated with anti-PD-1 and anti-CTLA4 therapy (24). GSE63557 cohort included mouse model treated with anti-CTLA-4 therapy (25). GSE123728 cohort included patients with resectable melanoma treated with neoadjuvant PD-1 blockade therapy (26). GSE49355 cohort included patients with stage IV colorectal cancer (27). GSE14297 cohort provided transcriptomic data of primary colorectal cancers, matched liver metastases, and normal liver tissue samples (28). These transcriptomic data were downloaded from Gene Expression Omnibus (GEO) according to the accession ID.



Functional and Pathway Enrichment Analysis

Gene annotation enrichment analysis was performed with the R package ClusterProfiler (29), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms were identified with a strict cutoff of P < 0.01 and a false discovery rate (FDR) < 0.05.



Immune Cell Deconvolution and Gene Signature Score Evaluation

Single sample Gene set enrichment analysis (7) was applied to evaluate the fraction of MDSCs in each tumor sample using gene sets collected from Wang et al. To quantify the proportions of immune cells in tumor and liver tissues, we used the CIBERSORT algorithm (8), and the leukocyte gene signature matrix LM22, which allows for highly sensitive and specific discrimination of 22 human immune cell phenotypes. To explore the correlation between the fraction of MDSCs and other immune escape or immune exclusion relevant biological processes, we used the gene sets (see Supplementary Table 1) curated by Mariathasan et al. (30) and Danaher et al. (31). For gene expression matrices, the expression of each gene in a signature was standardized so that its mean expression was zero, and the standard deviation across samples was 1. Then, principal component analysis (PCA) was performed, and principal component 1 was extracted to serve as the gene signature score. This approach has the advantage of focusing the score on the set with the largest block of well-correlated (or anti-correlated) genes in the set, while down-weighing the contributions from genes that do not track with other set members (30, 32).



Statistics

The normality of variables was tested using the Shapiro-Wilk normality test (33). For comparing two groups, statistical significance for normally distributed variables was estimated using unpaired Student t-tests, and non-normally distributed variables were analyzed using Mann-Whitney U tests (also called the Wilcoxon rank-sum test). For comparisons of more than two groups, Kruskal-Wallis tests and one-way analysis of variance were used as the non-parametric and parametric methods, respectively (34). Correlation coefficients were computed by Spearman and distance correlation analyses. Cumulative survival probabilities were estimated using the Kaplan-Meier method, and were compared using the log-rank test. All heatmaps were generated using the pheatmap function (https://github.com/raivokolde/pheatmap). All statistical analyses were conducted using R (https://www.r-project.org/, version 3.50) and the P-values were two-sided. P-values < 0.05 were considered statistically significant.




RESULT


Immune Cell Landscape of Pre-metastatic Liver in the Orthotopic CRC Mouse Model

Considering the variety of the infiltrating cell population in the pre-metastatic liver of CRC, we wondered how the underlying interactive crosstalk between different immune cells further modifies the pre-metastatic microenvironment. To better simulate the colorectal cancer microenvironment, we constructed an orthotopic CRC mouse model by orthotopically injecting CT26 cells into the intestinal mucosa of BALB/c mice. HE staining confirmed that macroscopic tumors formed after 3 weeks and without the occurrence of liver metastasis (Supplementary Figure 1). To precisely evaluate the immune cell composition of the pre-metastatic liver, we collected the primary colon tumors and matched pre-metastatic liver tissues from tumor-bearing mice, and liver tissues from sham-operation mice to conduct gene expression profiling. Analysis of the acquired RNA-seq data demonstrated the synthesized immune cell landscape of the primary tumor, pre-metastatic liver, and control liver, and revealed different immune cell infiltration patterns in the primary tumor and liver (Figure 1A).


[image: Figure 1]
FIGURE 1. Immune cell landscape of pre-metastatic liver in the orthotopic CRC mouse model. (A) The expression of immune cells in our orthotopic colorectal mice models as quantified by CIBERSORT and shown by a heatmap. The tissue group and tissue type are shown as annotations. (B) The MDSC signature scores in the liver (control), liver (case), and primary tumor (case). The scattered dots represent the values of different samples. The thick line represents the median value, and the bottom line and top line of the boxes indicate the 25 and 75% values. The statistical difference between tissue groups was compared through the Kruskal–Wallis test. P-values are shown. (C) Monocyte signature scores in the liver (control), liver (case), and primary tumor. The statistical difference of tissue groups was compared through the Kruskal–Wallis test. P-values are shown. (D) Scatter plots depicting the correlation between the MDSC signature and monocyte signature of the liver (control), liver (case), and primary tumor, respectively. The colored dots represent the tissue groups (liver (control): yellow; liver (case): blue; primary tumor: red). Spearman correlation between the MDSC signature and monocyte signature is shown (liver (control): p = 0.011; liver (case): p = 0.89; primary tumor: p = 0.76).


Notably, the infiltration of M2 macrophages, MDSCs, and memory B cells increased significantly in the primary tumor, whereas the monocytes and plasma B cell counterparts were decreased. M2 macrophages and MDSCs are classical tumor-infiltrating cells releasing a variety of cytokines including growth factors, inflammatory factors, and chemokines (35), thus resulting in tumor progression and metastasis. Here, we concentrated on MDSCs and found that MDSCs accumulated predominantly in the primary tumor and less in the liver (Figure 1B).

Additionally, comparison of the immune cell composition between the pre-metastatic liver and control liver suggested that MDSCs and monocytes are the only two cell types increased in the pre-metastatic liver. Monocytes were especially enriched in the pre-metastatic liver whereas the primary tumor and control liver shared similar proportions of monocytes (Figure 1C). Despite the similar origin of monocytes and MDSCs, no statistical correlation was observed between them (Figure 1D), indicating that both cell types may influence pre-metastatic niche establishment via distinct and independent mechanisms. Higher fractions of naïve B cells, follicular helper T cells, and M2 macrophages were also observed, despite not reaching statistical significance, implying the crosstalk of MDSCs and immune cells within the pre-metastatic niche (Supplementary Figure 2A). Moreover, activated natural killer (NK) cells were negatively associated with MDSCs in the pre-metastatic niche rather than the primary tumor of the control liver tissues (p = 0.021, Supplementary Figure 2B) which validated the crucial role of MDSCs in reforming the pre-metastatic sites compared to other infiltrating counterparts.



MDSCs Accumulation May Facilitate Tumor Metastasis With an Immunosuppressive Microenvironment

Considering the indication that MDSCs triggered an immunosuppressive microenvironment, we further attempted to dissect the immunosuppressive mechanisms in the pre-metastatic niche from multiple facets. The high expression of negative immune checkpoint molecules is indicative of immunosuppression. We evaluated the immune checkpoint score based on immune regulatory molecules including Cd274, Ctla4, Havcr2, Lag3, Pdcd1, Pdcd1lg2, and Tigit. Consistent with the distribution of MDSC fraction, the primary tumor displayed the highest immune checkpoint scores in all groups, whereas the pre-metastatic liver showed the second highest scores (Figure 2A). Additionally, increasing levels of immune regulatory molecules like Cd274, Pdcd1, Ctla4, and Tigit were detected respectively, but no statistical significance was observed for Tigit. Considering the aforementioned studies, we sorted the important immunosuppressive factors secreted by MDSCs and analyzed their expression. The genes associated with T-cell suppression [Tgfb1 (36), Nos2 (37)] and immunosuppressive markers [Ptgs2 (38), Hif1a (39)] were predominantly enriched in the pre-metastatic liver compared with the control liver (Figures 2B,C). The expression of Mmp9 (40), which promotes aberrant vasculature formation and facilitates remodeling of the pre-metastatic niche, was higher compared to that in the control liver (Figures 2B,C).
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FIGURE 2. MDSCs accumulation may facilitate tumor metastasis with an immunosuppressive microenvironment. (A) Immune checkpoint scores in the liver (control), liver (case), and primary tumor (case). The statistical difference among tissue groups was compared by the Kruskal–Wallis test. P-values are shown. (B) Heatmap showing the expression profiles of immune checkpoint genes and immunosuppressive genes in the liver (control) and liver (case). (C) Expression of immunosuppressive genes in the liver (control) and liver (case). Yellow and blue represent the liver (case) and liver (control), respectively. The statistical differences between the liver (control) and liver (case) were compared by the Wilcoxon test. The box plots represent the median value and interquartile range. P-values are indicated. (D) Comparisons of the predictive accuracy of the MDSC fraction, CD8+ T cell fraction and GEP in the GSE91061 cohort. (E) Comparisons of the predictive accuracy of the MDSC fraction, CD8+ T cell fraction and GEP in the GSE123728 cohort.


Further investigation in The Cancer Genome Atlas Colon and Rectal Cancer (TCGA-COAD-READ) cohort confirmed that high MDSC levels were associated with the upregulation of immune checkpoint genes (Supplementary Figure 3A). Furthermore, the immune-excluded phenotype was identified as an important indicator of the immune-suppressive microenvironment; we then evaluated the corresponding signatures generated by Mariathasan et al. (30) and the exhausted CD8+ T cell signature from Danaher et al. (31). As expected, patients with CRC in the high MDSC group exhibited elevated immune-excluded signature scores, implying that MDSCs might exert immunosuppressive functions by the depletion of T cell activity and enhanced stromal cell proliferation (30) (Supplementary Figure 3B). Moreover, MDSCs were positively correlated with the marker genes for epithelial-mesenchymal transition (EMT) correlated with immune-excluded phenotypes such as TWIST1, ZEB1, ZEB2, and VIMENTIN (Supplementary Figure 3C). Considering the high correlation between MDSCs and immune signatures, we examined the predictive ability of the MDSC fraction in immune therapy cohorts (GSE91061, GSE35640, GSE115821, GSE63557, and GSE123728). Notably, the MDSC fraction discriminated the responders and non-responders toward immune checkpoint inhibitors (ICI) with a higher predictive power [area under curve (AUC) = 0.636, Figure 2D)] compared to both the CD8+ T cell fraction (AUC = 0.613) and gene expression profile score (GEP) (AUC = 0.597) in the GSE91061 cohort. The predictive value of the MDSC fraction was also validated in the GSE35640 (Supplementary Figure 4A), GSE115821 (Supplementary Figure 4B), and GSE63557 (Supplementary Figure 4C) datasets, and showed a similar predictive power compared with the CD8+ T cell fraction and GEP. Besides, high accuracy of MDSCs fraction in predicting recurrence of patients with stage III/IV melanoma undergoing neoadjuvant/adjuvant ICI therapy was observed (AUC = 0.886, Figure 2E). Collectively, MDSCs inhibited an anti-tumor immune response by upregulating the negative immune checkpoint molecules and immunosuppressive cytokines, accompanied by an immune excluded phenotype, thus reaching a convincing power in predicting the ICI efficacy.



MDSCs Accumulated in the Pre-metastatic Liver in the Orthotopic CRC Mouse Model

Given the elevated MDSC signature score revealed in pre-metastatic liver compared to normal liver, we further verified whether high frequencies of MDSCs could be detected. Therefore, the liver, spleen, bone marrow, kidney, and peripheral blood of mouse models within 3 weeks at the pre-metastatic phase were collected for further flow cytometric analysis (Figure 3A). Total MDSCs of liver were significantly higher in the tumor-bearing group compared to sham-operation group, which was consistent with the RNA-sequence analysis results (Figure 1B). Notably, MDSCs prone to accumulate in the liver of tumor-bearing mice with the highest MDSC proportions (Figure 3B). Consistently, the fractions of MDSCs also increased in other tissues except for the bone marrow, suggesting that the liver was amenable to MDSC infiltration, thereby shaping a pre-metastatic microenvironment. As bone marrow is the major source of MDSCs, similar levels of MDSCs were observed in the normal subset and under the tumor-bearing environment (Figure 3B). Here, we also observed that higher MDSCs fractions of spleen presented in the tumor-bearing group compared to sham-operation group, indicating spleen serves as reservoir of MDSCs. As previous studies suggested (41–43), spleen was the largest immune organ which could also produce MDSCs in cancer conditions.
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FIGURE 3. MDSCs accumulated in the pre-metastatic liver in an orthotopic CRC mouse model. (A) The percentage of PMN-MDSCs and M-MDSCs in the liver, bone marrow, spleen, kidney, blood of tumor-bearing mice, and sham-operation mice by flow cytometric analysis. Mouse MDSCs are classified as PMN-MDSCs (CD11b+Ly6ClowLy6G+) and M-MDSCs (CD11b+Ly6ChighLy6G−). Left figures represent the sham-operation group, and right figures represent the tumor-bearing group. n = 4 – 5 organ samples in each group. (B) Quantification of total MDSCs proportions from liver, bone marrow, spleen, kidney, blood in each treatment group. Total MDSCs are defined as the sum of PMN-MDSCs and M-MDSCs. The statistical differences between the sham-operation group and tumor-bearing group of each organ were compared by the Wilcoxon test. The box plots indicate the median value and interquartile range. *P < 0.05, ***P < 0.001, ns indicates no significance.




High MDSC Infiltration Indicated Poor Prognosis in CRC Patients

To verify whether the MDSC level increases in patients with CRC but without metastasis, we first analyzed the proportion of MDSCs in the peripheral blood mononuclear cell (PBMC) fraction of healthy volunteers (n = 9) and patients with CRC (n = 25) by flow cytometry. The PBMC population was selected based on CD11b+ and HLA-DR− (Figure 4A). We examined the proportion of PMN-MDSCs and M-MDSCs based on CD15 and CD14 expression, and defined the total MDSCs as the sum of PMN-MDSCs and M-MDSCs. Collective data revealed that the properties of total MDSCs in the PBMCs of CRC patients were elevated significantly compared with those in healthy volunteers (Figure 4B). Additionally, the association of MDSCs and prognosis was explored in the TCGA-COAD-READ cohort from TCGA using MDSC signatures proposed by Wang et.al (44). Patients with high MDSCs infiltration showed significantly worse overall survival (Figure 4C). Taken together, these results indicated that high frequencies of MDSCs in patients with CRC indicated poor clinical outcomes.
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FIGURE 4. High MDSC infiltration indicated poor prognosis in CRC patients. (A) Representative Fluorescence activated Cell Sorting (FACs) plots showing the percentage of PMN-MDSCs and M-MDSCs in healthy volunteers and in patients with stage I–III colorectal cancer. The gating strategy of the human MDSCsubpopulation is based on CD14 and CD15 markers after the selection of CD11b and HLA-DR. (B) Quantification of total human MDSCs proportions in healthy volunteers and in patients with stage I-III colorectal cancer. Total MDSCs are defined as the sum of PMN-MDSCs and M-MDSCs. The statistical differences between healthy volunteers and stage I–III were compared by the Wilcoxon test. The box plots indicate the median value and interquartile range. P-values are shown. (C) Kaplan–Meier curves for high MDSC and low MDSC groups in the TCGA-COAD-READ cohort (p = 0.0087, Hazard Ratio = 1.74, 95% CI: 1.15 – 2.64).




The Primary Tumor Induced MDSC Accumulation in the Distant Liver via Metabolic Reprogramming and Chemotactic Mechanisms

To explore the latent biological mechanism by which the primary tumor induces MDSC accumulation in pre-metastatic niches, we performed gene set enrichment analysis on genes associated with the MDSC fraction (p < 0.01) to perform gene set enrichment analysis (GSEA) analysis. Intriguingly, the selected genes were significantly enriched in metabolic signaling pathways including glycolysis/gluconeogenesis, HIF-1 signaling, carbon metabolism, galactose metabolism, and amino acid biosynthesis in the primary tumor, which were also associated with the MDSC infiltration level in pre-metastatic liver tissues (Figure 5A). Simultaneously, key molecules associated with the abovementioned metabolic pathways were identified. Among them, Hk1, Pgk1, Pfkl, Eno2, Pgm2, Tpi1, and Galk1 were important regulating proteins involved in several metabolic pathways (Figure 5B). We further focused on the relationship between pre-metastatic MDSCs and the metabolic pathways of the primary tumor. Glucose metabolism was a vital pathway linking the primary tumor and pre-metastatic MDSC accumulation. Although glycolysis was poorly relevant to MDSCs, other pathways including the NADH metabolic process, pyruvate metabolic process, and glucose metabolic process were highly correlated with both MDSCs and glycolysis, suggesting that glucose metabolism, especially glycolysis metabolism contributed to mediate MDSC changes in the pre-metastatic microenvironment (Supplementary Figure 4D). Intriguingly, primary tumor hypoxia status was positively associated with MDSC fraction of pre-metastatic liver (mouse model: Spearman test, r = 0.817, p = 0.011; Figure 5C), while the same correlation was observed in both GSE49355 and GSE14297 datasets containing patients with colorectal cancer liver metastasis, which indicated that hypoxia condition of primary tumor might trigger the metastasis process to target liver via HIF-1 signaling (GSE49355: Spearman test, r = 0.681, p = 0.012; GSE14297: Spearman test, r = 0.459, p = 0.056, Figures 5D,E).
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FIGURE 5. The primary tumor induced MDSC accumulation in the distant liver via metabolic reprogramming and chemotactic mechanisms. (A) KEGG enrichment analysis of genes correlated with MDSCs. The size of the circles represents the number of genes from each KEGG pathway. (B) The network showing the genes and their corresponding KEGG terms. (C) Correlation of the MDSC fraction from the pre-metastatic liver and hypoxia score of the primary tumor (Spearman test, p = 0.011, r = 0.817). (D) Correlation of the MDSC fraction in the metastatic liver and hypoxia score of the primary tumor in GSE49355 dataset (Spearman, p = 0.012, r = 0.681). (E) Correlation of the MDSC fraction in the metastatic liver and hypoxia score of the primary tumor in GSE14297 dataset (Spearman, p = 0.056, r = 0.459). (F) The expression of chemokines related to MDSCs in the liver (control) and liver (case). Yellow and blue represent the liver (case) and liver (control), respectively. Statistical differences between the liver (control) and liver (case) were compared by the Wilcoxon test. Box plots represent the median value and interquartile range. P-values are indicated. (G) The relationship between fraction of MDSC in pre-metastatic liver and chemokines (Ccl28) and HIF1 pathway genes (Pgk1 and Pfkl) in primary tumor of mouse model (Spearman, Ccl28: r = 0.9, p = 2.0e−03; Pgk1: r = 0.97, p = 1.7e−04; Pfkl: r = 0.93, p = 7.5e−04).


As chemokines are known to be essential for MDSC recruitment into the pre-metastatic microenvironment, we also analyzed the expression of chemokines that were validated to recruit MDSCs in previously published data (45). All selected chemokines except for Ccl4 were elevated in the pre-metastatic liver, whereas only Ccl12, Ccr2, Ccr5, Cxcl1, and Cxcr2 reached statistically significant levels (Figure 5F). Furthermore, we applied a correlation analysis between chemokines and MDSCs to obtain the potential chemokines acting in our model. CCL28, which mainly shows broad antimicrobial activity (46), was identified as key chemokine with a strong correlation, indicating that they may contribute in recruiting MDSCs to the pre-metastatic niche in our model (Spearman test, p = 0.002028, r = 0.9, Table 1). Except for the robust association between Ccl28 and MDSC fraction, Ccl28 (Figure 5G) was also observed positive correlation with immune suppressive signatures (Supplementary Figure 4E), including tumor-associated macrophages, ICI resistance, exosome assemble, and EMT process, highlighting the potential power in altering immune microenvironment of Ccl28 is worth further investigated. In summary, metabolic signaling pathways and the CCL28 chemokine axis are prospective mechanisms that mediate the crosstalk between MDSC accumulation in the primary tumor and pre-metastatic liver.


Table 1. The relationship between MDSCs in pre-metastatic liver and chemokines in primary tumor of mouse model.
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DISCUSSION

At present, it is widely accepted that prior formation of the pre-metastatic niche triggers the metastatic process. In this study, we established the orthotopic CRC mouse model and depicted the dynamic changes in immune cell composition in vivo by high-throughput transcriptome sequencing, then confirmed that MDSCs accumulated in the liver before metastasis. Moreover, we unveiled the metabolic pathways and chemokines involved in MDSC recruitment and in the interaction between MDSCs infiltrated in the pre-metastatic liver and primary CRC tumor. Among the various immune cells infiltrating the pre-metastatic microenvironment, our multifaceted results suggest MDSCs as the key determinant in forming the pre-metastatic microenvironment. Consistent with previous studies (47, 48), MDSCs showed great power in promoting liver metastasis, and MDSCs depletion might reverse the metastasis. However, other cell types are also indispensable. In our study, the algorithm CIBERSORT was applied based on RNA-seq data to evaluate the immune cell infiltration levels. Consequently, a whole immune cell landscape was depicted. Except for MDSCs, the amounts of monocytes were increased in the pre-metastatic liver compared to the control liver and primary tumor. Generally, monocytes are derived from hematopoietic stem cells and can differentiate into macrophages and dendritic cells (49). Emerging evidence indicates that peripheral circulating monocytes can colonize tissues where they further differentiate into macrophages to facilitate tumor metastasis (50). As our data revealed that MDSCs were not associated with monocytes, we speculated that monocytes might participate in the process of pre-metastatic niche remodeling without relying on MDSCs. An immunosuppressive microenvironment is required for attracting tumor cells. MDSCs display an exuberant potential for silencing anti-tumor immune responses by inhibiting the activities of T cells, NK cells, and dendritic cells. In our study, no significant differences in the frequencies of T cells, NK cells, and dendritic cells were observed between the pre-metastatic liver and control liver. However, the activated NK cells were negatively associated with MDSCs in the pre-metastatic niche, thus exhibiting the strong inhibitory power of MDSCs.

Immune checkpoint inhibitors represent an immense breakthrough in anti-tumor therapies. Immune checkpoint molecules are markers expressed on the surface of cancer cells and immune cells and have been implicated in cancer immune surveillance. Previous studies have shown that high levels programmed death-ligand 1 (PD-L1) are expressed on MDSCs in cancer patients (17). Moreover, PD-L1 and CTLA-4 are decreased in responding patients treated with ICI (51, 52). As immune checkpoints are not limited to PD-L1 and CTLA4, they can reflect the immunosuppressive condition of the tumor environment and can predict ICI efficacy to a certain extent. Thus, we focused comprehensively on the immune checkpoint scores based on Cd274, Tigit, Lag3, and other checkpoints. As expected, we noticed significantly higher immune checkpoint scores in the pre-metastatic liver, implying a strong immunosuppressive microenvironment at distant sites. In addition, high MDSC infiltration was found to be associated with upregulated negative immune checkpoint molecules and the immune-excluded phenotype in the TCGA-COAD-READ cohort. Furthermore, by applying receiver operating characteristic curve analysis, we sought to prove the predictive value of the MDSCs fraction for ICI in different cohorts of patients with melanoma (22–24, 26) and in mice models with mesothelioma (25). In line with previous studies (52), our data suggested a potential function for MDSCs as biomarkers to predict ICI efficacy.

It is recognized that the crosstalk between distant metastatic sites and the primary tumor is essential for tumor diffusion and progression as well as MDSCs aggregation. Among these, signal pathways related to immunosuppression, angiogenesis, and extracellular matrix destruction have been studied in detail, but their metabolic pathways are not well-defined. Several studies showed that the enhanced metabolic abilities of proliferating cancer cells facilitate overcoming of strict pressure during the circulating metastatic process (53). Our observations that the top 8 pathways related to metabolism as identified by GO analysis were associated with MDSCs and were highly enriched in the primary tumor and pre-metastatic liver, indicates that metabolic pathways play a critical role in linking tumor cells and metastatic lesions. Recent studies have elucidated that tumor glycolysis can boost MDSC development through the AMPK-ULK1 and autophagy pathways in triple-negative breast cancer (54). Further, the HIF-1 signaling pathway is an important part of the comprehensive MDSC functional network, and can regulate glycolysis and activate immunosuppressive effects (55–57). However, the exact role of metabolic pathways in MDSCs recruitment and accumulation in the pre-metastatic microenvironment remained unclear. We provide the first evidence that tumor cells from primary lesions may prompt MDSC migration and recruitment in distant pre-metastatic sites through metabolic pathways, especially glycolysis and HIF-1 pathways. We have also found pivotal molecules involved with metabolic pathways in both the primary tumor and pre-metastatic niche. For instance, PGK1, a major enzyme regulating glycolysis, which produces ATP in cancer cells, also promotes cancer progression (58). Therefore, our study identified the metabolic mechanisms that impact MDSC accumulation in the pre-metastatic liver in the context of primary colorectal cancer, and suggest the novel function of key molecules in several star metabolic pathways and as potential targets for exploring the underlying mechanism of MDSC migration.

It has been well-established that chemokines and chemokine receptors are important mediators to recruit and direct MDSCs to pre-metastatic organs. As previously reported, tumor-associated macrophages in primary CRC tumors recruit MDSCs into the liver and generate pre-metastatic sites through the CXCL1/CXCR2 pathway (59). Yang et al. have found that CCL2 can promote MDSC migration in murine liver tumor models (60). Our sequencing data are in agreement with previous studies supporting that CCL12 (61), CCR2, CCR5, CXCL1, and CXCR2 (45) are functional contributors to pre-metastatic lesions. CCL28 is constitutively expressed by epithelial cells in the colon; it shows strong antimicrobial ability and can recruit Tregs in autoimmune diseases (46). Here, CCL28, which has not been shown to recruit MDSCs previously, was found to be positively correlated with the MDSCs signature supported by a strong coefficient, thereby complementing the existing MDSCs-recruiting chemokine profile.

Inevitably, our study has several limitations. First, we identified a few potential mechanisms involved in MDSC recruitment, and studies that are more experimental are needed to elucidate the specific signaling pathways involved. Second, the heterogeneity of the retrieved locations like tumor margin and tumor center from mice tissues is worth noticing. Considering the different conditions of immune cell infiltration in different parts of the tumor and liver, our RNA-seq may only reflect the partial situation of pre-metastatic organs. Third, though we selected 9 samples for further analysis, incorporation of mouse model samples could provide a more comprehensive and detailed characterization of the pre-metastatic niche. Finally, the dynamic change of the pre-metastatic niche to metastasis could be observed if the tumor-bearing time were to be extended appropriately.

In conclusion, we comprehensively evaluated the immune cell landscape of the pre-metastatic site and primary CRC tumor via transcriptome analysis, and highlighted MDSCs as the prominent cell type contributing to the immunosuppressive condition and generation of the pre-metastatic niche. Our study also sheds light on the potential metabolic pathways involved in MDSC regulation by the primary tumor and their recruitment into pre-metastatic organs. We offer an explanation for the link between MDSCs and CRC metastatic process, targeting MDSCs as a promising strategy for future restricting cancer metastasis therapy development.
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Thyroid cancer is the most common type of endocrine malignancy. Although the general prognosis is good, the treatment of advanced disease is still challenging. Exosomes are vesicle units containing specific components that transmit information between cells. In order to explore its role in papillary thyroid cancer (PTC), our study screened exosome enriched lncRNA SNHG9 by lncRNA chip and explored its biological function. We used lncRNA chips combined with bioinformatics analysis to screen lncRNA SNHG9 enriched in exosomes. GO analysis suggested its relationship with autophagy and apoptosis. Quantitative PCR showed SNHG9 was highly expressed in PTC cells and exosomes and its correlation with PTC tumor size was analyzed by clinical characteristics. SNHG9 could inhibit the protective cell autophagy induced by starvation of human normal thyroid epithelial cell line Nthy-ori-3 and promote its apoptosis through PTC cell exosomes. RNA-pull down combined with protein spectrum showed that SNHG9 could interact with YBOX3. Western blot and RNA immunoprecipitation further confirmed their interaction. Western blot showed that SNHG9 could induce degradation of YBOX3, thus interfering with the stability of P21 mRNA and inducing cell apoptosis. In conclusion, our study identified SNHG9 as a PTC cell exosome-enriched lncRNA. SNHG9 could inhibit cell autophagy and promote apoptosis of Nthy-ori-3 cell through YBOX3/P21 pathway.
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Introduction

Thyroid cancer is the most common type of endocrine malignancy and according to recent data, ranks as the fifth most common cancer in women in the USA (1). Papillary thyroid carcinoma (PTC) comprises 80% of all thyroid cancers (2). Although the prognosis of PTC is usually excellent, with 5- and 10-year survival rates exceeding 95% and 90%, respectively, approximately 20% of PTC patients develop recurrent disease (3). These diseases include local cervical recurrence and distant metastasis, which may be incurable and fatal.

Exosomes refer to a class of vesicles approximately 30-150 nm in size (due to the limitation of purification methods, some collectively refer to units smaller than 200 nm as small extracellular vesicles) that originate from intracellular multivesicles (multivesicular bodies, MVBs) and are released after fusion with cell membranes (4, 5). These subcellular vesicle-like structures that are actively secreted by cells are surrounded by a lipid bilayer membrane. In recent years, a series of component analyses have found that exosomes carry a large cargo of proteins, lipids, nucleic acids as well as other components from mother cells, and a considerable proportion of them exhibit tissue and cell specificity (6). As increasingly more functions of exosomes are revealed, new interpretations of long-discussed issues in the field of oncology are being presented from a new perspective. For example, Hoshino et al. found that some tumor cell-derived exosomes can selectively increase uptake by specific distant organs, causing the tissue microenvironment to be more suitable for the survival and development of tumor cells and promoting migration of tumor cells to the liver, lung, brain and other organs (7). In renal cell carcinoma, sunitinib-resistant tumor cells can deliver specific long noncoding RNAs (lncRNAs) via exosomes, conferring resistance to sunitinib on surrounding nonresistant cells (8). This finding successfully confirmed the important role that exosomes play in the spread of tumor drug resistance through the cellular microenvironment. Concomitantly, new targets have emerged in research related to overcoming tumor drug resistance.

LncRNAs are noncoding RNAs consisting of >200 nucleotides (9). Increasing studies have reported that lncRNAs play vital roles in cancer cell proliferation, metastasis and chemoresistance (10). Moreover, lncRNAs tend to exhibit higher tissue-specific expression than protein coding genes. Although the expression specificity of lncRNAs provides opportunities for exploring new biomarkers and drug targets, the molecular mechanism of lncRNAs remains poorly understood. Small nucleolar RNA host gene 9 (SNHG9) is located on chromosome 16p13.3. It has been shown to be involved in several types of cancer, such as glioblastoma (11), pancreatic cancer (12) and non-small cell lung cancer (13). However, the function of SNHG9 in papillary thyroid cancer is still unknown.

Through extensive research, exosomes have been confirmed to be closely related to the occurrence and development of a variety of malignant tumors. Nonetheless, there are few relevant studies and evidence in the field of PTC research. Indeed, the relationship between exosomes and PTC is currently unknown.

In this study, we conducted a systemic analysis of the PTC exosome-enriched lncRNA SNHG9. Our study revealed SNHG9 to be a PTC exosome-enriched lncRNA that is able to inhibit autophagy and promote apoptosis in the thyroid normal epithelial cell line Nthy-ori-3 by interfering with YBOX3 and inhibiting the P21 protein.



Materials and Methods


Tissue Specimens

Papillary thyroid cancer samples and corresponding normal thyroid tissues at least 1cm away from the tumor were obtained from patients who underwent thyroid cancer surgery at Fudan University Shanghai Cancer Center (FUSCC). Tissue specimens were frozen in liquid nitrogen immediately after surgical resection and stored at -80°C until use. Histological classification was obtained from paraffin-embedded sections. This study was performed in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. It was approved by the Human Ethics Committee/Institutional Review Board of Fudan University Shanghai Cancer Center.



Cell Lines and Cell Culture

Two papillary thyroid cancer cell lines, TPC-1, K-1 and one normal human thyroid epithelial cell line Nthy-ori-3 were used for cell experiments. Nthy-ori 3 cell line was purchased from Sigma. TPC-1 and K-1 cell lines were purchased from the Cell Bank of University of Colorado. All cell lines were cultured in RPMI-1640 medium (GIBCO) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO) at 37°C in a 5% CO2 chamber.



Total RNA Extraction, Reverse Transcription and Quantitative Real-Time PCR Analysis

Total RNA was extracted from tissues and cultured cells using TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions. RNA purity and concentration were determined by the NanoDrop2000 spectrophotometer. A total of 1 μg of RNA was reverse-transcribed using a PrimeScript RT reagent kit (Takara, Dalian, China). For quantitative real-time PCR (qPCR), cDNA was amplified using SYBR Green Premix Ex Taq (Takara, Dalian, China) following the manufacturer’s instructions. Gene expression was normalized against beta actin mRNA expression in three independent experiments. The relative mRNA expression level were determined by the comparative Ct (2-ΔCt)method.



Western Blotting

Cell lysates were obtained from 1×106 cultured cells with RIPA protein extraction reagent. The protein concentration was determined by bicinchoninic acid assay (BCA). Equal amounts (30μg) of total protein lysate were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto PVDF membrane. The membranes were then blocked in 5% non-fat milk at room temperature for 1 hour. Following this treatment, the membranes were probed with primary antibodies against human P62 (1:1000 dilution, Cell Signaling Technology, USA), P21 (1:1000, Proteintech), YBOX3 (1:1000, Cell Signaling Technology, USA), Histone 3 (1:1000, Proteintech), GAPDH (1:1000, Abcam, USA), CD63 (1:1000, Proteintech), CD9 (1:1000, Proteintech), Caspase 9 (1:1000, Proteintech), Cleave caspase 9 (1:1000, Proteintech), Caspase 3 (1:1000, Proteintech), Cleave caspase 3 (1:1000, Proteintech), Caspase 7 (1:1000, Proteintech), Cleave caspase 7 (1:1000, Proteintech), Beclin1 (1:1000, Proteintech), Atg5 (1:1000, Proteintech), LCII (1:1000, Proteintech), LCIII (1:1000, Proteintech) at 4°C overnight. Following incubation in a solution of goat anti-rabbit (1:1000, Santa Cruz, USA) or anti-mouse IgG (1:5000 for both; Santa Cruz, USA) at room temperature for 1hour, the membranes were washed with TBST and then detected with enhanced chemiluminescence reagents (Thermo Fisher Scientific, Inc.). The bands were visualized using 1-step TM NBT/BCIP reagents (Thermo Fisher Scientific, Rockford, IL, USA) and detected by the Alpha Imager (Alpha Innotech, San Leandro, CA, USA).



Exosome Isolation and Exosome Protein Extraction

The cell medium was centrifuged at 500 g for five minutes and at 2000 g for thirty minutes at 4 °C to remove cellular debris and large apoptotic bodies. After centrifugation, media was added to an equal volume of a 2× polyethylene glycol (PEG, MW 6000, Sigma, 81,260) solution (final concentration, 8%). The samples were mixed thoroughly by inversion and incubated at 4°C overnight. Before the tubes were tapped occasionally and drained for five minutes to remove excess PEG, the samples were further centrifuged at maximum speed (15,000 rpm) for 1 h at 4°C. The resulting pellets were further purified using 5% PEG and then stored in 50–100 μl of particle-free PBS (pH 7.4) at − 80°C. The average yield was approximately 300 μg of exosomal protein from 5 ml of supernatant. Exosome was re-suspended in 150ul RIPA buffer (Beyotime, P0013B) and incubated on ice for 1h. The lysate was centrifuged for 20min at 16000g at 4°C, and the supernatant was further concentrated by ultracentrifuge filter (Millipore, 3kDa cutoff). Protein concentration was measured by BCA assay (Beyotime, P0012).



RNA-Pull Down Assay

The resultant plasmid DNA was linearized with restriction enzyme NotI. Biotin-labeled SNHG9 lncRNAs were in vitro transcribed with the Biotin RNA Labeling Mix (Roche Diagnostics, Indianapolis, IN, USA) and T7 RNA polymerase (Roche, Basel, Switzerland), treated with RNase-free DNase I (Roche) and purified with the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA, USA). Nthy-ori-3 cell extract (2 μg) was mixed with biotinylated RNA (100 pmol). One hour after incubation at 4°C, washed streptavidin‐coupled agarose beads (Invitrogen) were added to each binding reaction and further incubated at room temperature for 1 h to isolate the RNA–protein complex. Beads were washed briefly three times and boiled in SDS buffer, and the retrieved protein was detected by standard western blot technique.



RNA Immunoprecipitation (RIP) Assay

RIP assays were performed using an EZ-Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) according to the manufacturer’s instructions. Cells at approximately 90% confluence was lysed using complete RIP lysis buffer containing RNase Inhibitor (Millipore) and protease inhibitor and then 100 μl of whole cell extract was incubated with RIP buffer containing magnetic beads conjugated to specific antibodies. The negative control was normal mouse anti-IgG antibody (Cell Signaling Technology, USA).



McHerry-gfp-lc3 Autophagy Flow Detection

Cells cultured in 24-well plates (1×105 cells/well) were transduced with mCherry-GFP-LC3 adenovirus at 40 MOI (multiplicity of infection) for 24 h at 37°C in a humidified atmosphere containing 5% CO2/95% air. Following transduction, the cells were incubated with fresh culture medium for 24 h at 37°C. The numbers of GFP and mCherry dots per cell were counted in three randomly selected fields under a fluorescence microscope.



TUNEL Staining Assay

The treated cells were rinsed with PBS twice and fixed in 4% paraformaldehyde. The endogenous peroxidase activity was blocked by methanol followed by cell permeabilization with a cocktail of 1 g/L TritonX-100 in 0.1% sodium citrate. After washing with PBS, all sections were incubated with TUNEL mixture for 60 min, followed by an incubation with DAPI for 10 min. Finally, the tissue sections were observed with a confocal microscopy.



Cell Apoptosis Analysis by Flow Cytometry

Treated cells were trypsinized. The resuspended cells were washed with PBS and stained with annexin V‐FITC and propidium iodide (PI) according to the instructions of AnnexinV‐FITC apoptosis detection kit (BD Biosciences, USA). Cells were then analyzed by flow cytometry (CytoFLEX; Beckman Coulter, Brea, CA, USA).



Statistics Analysis

Statistical analyses were performed with SPSS version 19.0 for Windows. For comparison among the groups, a Student’s t test, Chi-Square test or a Fisher’s Exact test was performed, and P<0.05 was defined as statistically significant. The data and error bars report the means ± SEM. Each experiment was repeated at least three times.




Results


SNHG9 Is Enriched in and Protected by PTC Cell Exosomes

To evaluate PTC exosomal-specific lncRNAs, we first isolated exosomes from two PTC cell lines, TPC-1 and K-1, and one normal thyroid epithelial cell line, Nthy-ori-3, and detected expression of the exosome-specific protein markers CD9 and CD63 (14) by Western blotting (Supplementary Figure 1A). In addition, exosome morphology was observed by transmission electron microscopy. The shape of various sizes of exosomes was round or elliptical, displaying their typical “saucer-like” structure (Supplementary Figures 1B, D). Combining the characteristics of protein detection and electron microscopy morphological identification, we confirmed that the exosome extraction method adopted in this study could successfully extract exosomes from PTC cells.

Next, we used the Arraystar Human LncRNA Array v2.0 gene chip to compare expression profile data of lncRNAs in Nthy-ori-3, TPC-1 and K-1 cells and their respective exosomes. A total of 2804 known lncRNAs were identified in PTC cell exosomes. Among them, the expression levels of 172 and 253 known lncRNAs in exosomes derived from TPC-1 and K-1 cell lines were significantly upregulated, respectively, and 369 and 418 were significantly downregulated, respectively. Compared with Nthy-ori-3, lncRNA SNHG9 showed specifically high expression in PTC cell lines and their exosomes (Figure 1A). The expression of SNHG9 levels were analyzed in three cell lines and their respective exosomes by qPCR. Figures 1B, C show that in both the cells and secreted exosomes, expression of SNHG9 was significantly higher in TPC-1 and K-1 cells than in the normal thyroid epithelial cell line Nthy-ori-3.




Figure 1 | Identification and expression of PTC cell exosome-enriched lncRNA SNHG9. (A) High-throughput screening identification of PTC associated exosome lncRNAs. SNHG9 is PTC cell exosome-enriched lncRNA in TPC-1 and K-1 cells compared with Nthy-ori-3 cell. (B, C) Validation of SNHG9 overexpression in both TPC-1 and K-1 cells and their respective exosomes compared with Nthy-ori-3 cell and its exosome by qPCR. (D) Coregulation network of SNHG9 with mRNA/miRNA. SNHG9 had an interaction with autophagy related molecules. (E) Gene ontology enrichment analysis showed the highest regulation scores in autophagy and apoptosis. (F) KEGG-pathway-weighted analysis showed SNHG9 mainly targeted apoptosis and autophagy pathways. (G) SNHG9 in the PTC cell supernatant mainly derived from cell exosomes. QPCR showed significantly lower SNHG9 expression level in supernatant treated with Rnase and Triton compared with supernatant treated with only Rnase and control group. (H) QPCR confirmed no SNHG9 expression in cell supernatants after exosome extraction. (I) SNHG9 expression level between tumor and normal tissues in 70 PTC patients from FUSCC. The results were normalized to β-actin mRNA level. (J) Waterfall plot showed the distribution of SNHG9 expression level in each PTC patients from FUSCC. ***P < 0.001, data were pooled from three independent experiments. FUSCC, Fudan University Shanghai Cancer Center; PTC, papillary thyroid cancer.



The prediction results based on sequence specificity showed rich interactions between SNHG9 and other genetic molecules. These interactions can be summarized into two main regulatory networks: the SNHG9-mRNA network and the SNHG9-miRNA network. Regarding the former, we found that autophagy-related molecules, including DRAM1, BECN1 and the ATG family, were able to interact with SNHG9 (Figure 1D). Based on GO analysis, SNHG9 is involved in DNA damage repair, cell cycle regulation and other processes, among which autophagy and apoptosis regulation had the highest scores (Figure 1E). Furthermore, we used KEGG signal pathway weighted analysis and found that SNHG9 mainly targets apoptosis and autophagy pathways (Figure 1F), further suggesting involvement of SNHG9 in the regulation of PTC cell autophagy and apoptosis.

To clarify whether the lncRNA SNHG9 present in the cell culture supernatant was derived from exosomes secreted by PTC cells, we treated the supernatant with either RNase or RNase plus Triton 100, which could disrupt the exosomal membrane. According to qPCR, the abundance of SNHG9 in exosomal samples treated with RNase alone was unchanged compared with the control group, though its abundance was significantly lower in the RNase plus Triton 100 group (Figure 1G). This illustrates the protective effect of exosomes on SNHG9. As depicted in Figure 1H, we could not detect SNHG9 in TPC-1 and K-1 cell supernatants after exosome extraction, which further confirmed the enrichment of SNHG9 in exosomes.



SNHG9 Is Overexpressed in Human PTC Tissues

We also used qPCR to explore SNHG9 expression levels in 70 pairs of PTC and adjacent thyroid specimens from the FUSCC cohort, and the results showed SNHG9 to be upregulated in PTC samples (Figure 1I). The correlation of SNHG9 with the clinicopathological characteristics of PTC patients is presented in Table 1. High SNHG9 expression was significantly associated with a large tumor size (P=0.034) but did not correlate with tumor invasion, lymph node metastasis or other variables. Therefore, SNHG9 is overexpressed in human PTC tissues and is related to tumor malignancy, suggesting that SNHG9 plays an oncogenic role in PTC.


Table 1 | The correlation of SNHG9 with the clinicopathological characteristics of PTC patients in the FUSCC.





SNHG9 Inhibits Nthy-ori-3 Cell Autophagy Through PTC Exosomes

Next, we investigated the biological roles of SNHG9 in PTC oncogenesis by overexpressing and knocking down SNHG9 expression via lentivirus transfection. QPCR assays confirmed that SNHG9 was successfully overexpressed (SNHG9-O) or silenced (SNHG9-KD) in TPC-1, K-1 and Nthy-ori-3 cells compared with negative controls (Supplementary Figure 2), and the data in Figure 2 indicate that SNHG9 expression was also significantly upregulated or downregulated in exosomes (EXO-SNHG9-O/EXO-SNHG9-KD) of TPC-1 and K-1 cells.




Figure 2 | SNHG9 inhibits Nthy-ori-3 cell autophagy through PTC exosomes. (A, B) SNHG9 was significantly upregulated in K-1 and TPC-1 cell exosomes after overexpressing SNHG9 in PTC cells. (C, D) SNHG9 was significantly downregulated in K-1 and TPC-1 cell exosomes after knocking down SNHG9 in PTC cells. (E, F) Overexpressing SNHG9 in HBSS treated Nthy-ori-3 cells could inhibit cell autophagy detected by mRFP/mCherry-GFP-LC3B autophagy flow. Yellow spots indicate autophagosomes and red spots indicate autophagic lysosomes. (G) Autophagy-related protein P62 was significantly increased after overexpressing SNHG9 in HBSS treated Nthy-ori-3 cells by Western blot. (H and I) K-1SNHG9-O/K-1SNHG9-KD exosomes could inhibit/promote Nthy-ori-3 cells autophagy detected by mRFP/mCherry-GFP-LC3B autophagy flow. Yellow spots indicate autophagosomes and red spots indicate autophagic lysosomes. (J) P62 was significantly increased in K-1SNHG9-O exosome treated Nthy-ori-3 and was downregulated in K-1SNHG9-KD exosome treated Nthy-ori-3 cells by Western blotting. (K, L) The impact of K-1SNHG9-O/K-1SNHG9-KD exosomes on Nthy-ori-3 cell autophagy was decreased after K-1 cell exosomes secretion was inhibited by GW4869. (M) P62 protein change after K-1 cell exosomes secretion was inhibited by GW4869. ***P < 0.001, **P < 0.01, data were pooled from three independent experiments. PTC, papillary thyroid cancer; KD, knock down; O, overexpression. HBSS, Hank’s balanced salt solution.



After exogenously overexpressing SNHG9 in Nthy-ori-3 cells, we used the mRFP/mCherry-GFP-LC3B tandem fluorescent protein to detect the level of autophagy induced by Hank’s balanced salt solution (HBSS) starvation. After 2 hours of HBSS starvation induction, obvious yellow (autophagosomes) and red (autophagic lysosomes) foci in the control cells were detected (Figures 2E, F), indicating normal autophagy. In contrast, the red and yellow fluorescence was diffusely distributed in the cytoplasm of the cells overexpressing SNHG9, with no yellow or red foci observed. Moreover, P62 protein expression was significantly increased compared to the control group (Figure 2G), indicating that overexpression of SNHG9 inhibits Nthy-ori-3 cell autophagy.

We extracted K-1SNHG9-O, K-1SNHG9-KD, TPC-1SNHG9-O, and TPC-1SNHG9-KD exosomes and their respective control groups and co-cultured them with Nthy-ori-3 cells. At 2 hours after HBSS treatment, yellow and red spots were found in the Nthy-ori-3 cells added to the control group (HBSS treated) and K-1SNHG9-KD exosomes (HBSS+EXOK-1_SNHG9-KD), indicating that normal autophagic flow. Conversely, significantly decreased autophagosome and autophagic lysosome numbers among the Nthy-oir-3 cells from the K-1SNHG9-O group (HBSS+EXOK-1_SNHG9-O) were observed, indicating that autophagic flow was blocked (Figures 2H, I). In addition, the significantly higher level of P62 protein in the HBSS+EXOK-1_SNHG9-O group suggested that Nthy-ori-3 cell autophagy was inhibited (Figure 2J). We also observed the same phenomenon in the TPC-1 cell group (Supplementary Figure 3). Therefore, SNHG9 inhibits Nthy-ori-3 cell autophagy through PTC exosomes.

Next, we used a Transwell coculture system of living cells to confirm that the SNHG9-mediated regulation of Nthy-ori-3 cell autophagy is exosome dependent. Nthy-ori-3 cells were spread onto a 24-well glass bottom dish, and K-1, K-1_SNHG9-OGW4869-treated, K-1_SNHG9-ODMSO-treated and K-1-SNHG9-O cells were spread onto the upper chamber. In the GW4869 (an exosome inhibitor)-treated group, the number of autophagosomes formed increased significantly (Figures 2K, L), and the P62 protein level decreased (Figure 2M), indicating normal Nthy-ori-3 cell autophagy; the same was observed in the TPC-1 cell group. These experimental results indicate that the regulation of Nthy-ori-3 cell autophagy by SNHG9 is dependent on exosomes.



SNHG9 Promotes Nthy-ori-3 Cell Apoptosis Through PTC Exosomes

Flow cytometry was then applied to ascertain the effect of SNHG9 on Nthy-ori-3 cell apoptosis. Figures 3A, B shows that compared with the control group, the number of Nthy-ori-3 apoptotic cells in early and late stages was significantly increased after overexpressing SNHG9. Therefore, SNHG9 promotes Nthy-ori-3 cell apoptosis.




Figure 3 | SNHG9 promotes Nthy-ori-3 cell apoptosis through PTC exosomes. (A, B) Overexpressing SNHG9 in HBSS treated Nthy-ori-3 cells could promote cell apoptosis detected by flow cytometry. (C, D) K-1SNHG9-O/K-1SNHG9-KD exosomes could promote/inhibit Nthy-ori-3 cells apoptosis detected by flow cytometry. (E, F) The impact of K-1SNHG9-O/TPC-1SNHG9-KD exosomes on Nthy-ori-3 cell apoptosis was decreased after PTC cell exosomes secretion was inhibited by GW4869 by Tunel staining assay. **P < 0.01, data were pooled from three independent experiments. PTC, papillary thyroid cancer. KD, knock down; O, overexpression; HBSS, Hank’s balanced salt solution.



Next, using the exosomes and Nthy-ori-3 coculture system mentioned above, flow cytometry results indicated significant increases in the number of Nthy-ori-3 apoptotic cells in the SNHG9-enriched exosome group (HBSS+EXOK-1_SNHG9-O) compared to the HBSS+EXOK-1_SNHG9-O and HBSS-treated groups (Figures 3C, D). We obtained the same results for the TPC-1 exosome-treated groups (Supplementary Figure 4).

We also used TUNEL staining to detect the level of Nthy-ori-3 cell apoptosis in the Transwell coculture system of living cells. As illustrated in Figures 3E, F, compared with the control group, the number of apoptotic cells in early and late stages was obviously increased after exosome inhibition by GW4869. All these results suggest that SNHG9 promotes Nthy-ori-3 cell apoptosis in a PTC cell exosome-dependent manner.



SNHG9 Interacts With YBOX3

To further explore the underlying molecular mechanism of SNHG9 regulation in PTC, we conducted an RNA pull-down assay using Nthy-ori-3 cells, in which silver staining showed significantly stronger bands at 110 kD, 60-40 kD, 34 kD and 20 kD compared with the control (Figure 4A). We further analyzed these bands by mass spectrometry (Figure 4D), and YBOX3 was among the top candidates obtained. YBOX3 can bind to mRNAs containing the sequence 5’-UCCAUCA-3’, stabilize the structure of the mRNA, and regulate the translation of the protein. The interaction between SNHG9 and YBOX3 identified by RNA pull-down mass spectrometry was further validated by Western blotting using an anti-YBOX3 antibody (Figure 4B), and we confirmed this interaction by RIP-qPCR assays. When compared to normal IgG, YBOX3 resulted in a significant enrichment of SNHG9 in Nthy-ori-3 cells (Figure 4C). RT-PCR result showed the length of SNHG9 determined by RIP experiment was about 470bp.




Figure 4 | SNHG9 interacts with YBOX3 in Nthyi-ori-3 cell. (A) An RNA-pull down assay was performed and SNHG9 related proteins were determined with SDS-PAGE and silver staining. (B) YBOX3 was pulled down by a SNHG9 sense RNA probe but not by an antisense RNA probe in Nthyi-ori-3 cell. (C) RIP assays with qPCR (top) or RT-PCR (low) showed that SNHG9 was pulled down by an anti-YBOX3 antibody in Nthyi-ori-3 cell. (D) The list of top 20 proteins with the most significant differences by mass spectrometry identification and analysis. ***P < 0.001, data were pooled from three independent experiments. SDS-PAGE, SDS-polyacrylamide gel electrophoresis; RIP, RNA immunoprecipitation analysis; qPCR, quantitative polymerase chain reaction; RT-PCR, reverse transcription polymerase chain reaction.





SNHG9 Interferes With YBOX3 and Inhibits P21 Expression Through PTC Exosomes and Regulates Nthy-ori-3 Cell Autophagy and Apoptosis

A previous study found that the YBOX3 protein can bind to the 5’-UCCAUCA-3’ motif of the P21 mRNA under stress conditions, stabilize the mRNA and promote P21 protein expression (15), thereby preventing cells from apoptosis and maintaining cell survival. Therefore, we speculated that SNHG9 may regulate YBOX3 expression and further affect P21 to modulate apoptosis and autophagy.

We first used transient transfection to overexpress SNHG9 in Nthy-ori-3 cells and then extracted cytoplasmic and nuclease proteins. After overexpressing SNHG9, significant reductions in YBOX3 protein levels in both the cytoplasm and nucleus were observed (Figure 5A). Furthermore, both P21 mRNA and protein levels were decreased in the SNHG9 overexpression group (Figures 5A, B). The results indicate that SNHG9 negatively regulates YBOX3 and P21.




Figure 5 | SNHG9 interferes with YBOX3 and inhibits P21 expression through PTC exosomes and regulates Nthy-ori-3 cell autophagy and apoptosis. (A) SNHG9 overexpression could inhibit YBOX3 and P21 protein expression level in both the cytoplasm and nucleus tested by Western blotting. The intracellular reference was GAPDH. The internal nuclear reference was H3. (B) P21 mRNA expression was decreased by SNHG9 overexpression in Nthy-ori-3 cell tested by qPCR. (C, D) Both P21 and YBOX3 protein expression were downregulated in cytoplasm and nucleus of Nthy-ori-3 cell after transfection of small interfering RNA for YBOX3. (E) P21 mRNA expression was decreased in Nthy-ori-3 cell after transfection of small interfering RNA for YBOX3. (F) Both P21 and YBOX3 protein expression were downregulated in cytoplasm and nucleus of Nthy-ori-3 treated with exosomes of K-1_SNHG9-O. (G) P21 mRNA expression was decreased in Nthy-ori-3 cell treated with exosomes of K-1_SNHG9-O. (H) Apoptosis pathway related protein expression in Nthy-ori-3 cells overexpressing SNHG9 or treated with K-1_SNHG9-O. (I) Autophagy pathway related protein expression in Nthy-ori-3 cells overexpressing SNHG9 or treated with K-1_SNHG9-O. ***P < 0.001, data were pooled from three independent experiments. PTC, papillary thyroid cancer; O, overexpression; qPCR, quantitative polymerase chain reaction.



To further confirm that P21 downregulation is related to YBOX3, we constructed a small interfering RNA for YBOX3 to knock down its expression. Western blotting and qPCR results showed that P21 protein and mRNA expression levels were significantly decreased after interfering with YBOX3 expression (Figures 5C–E).

We extracted exosomes of K-1_SNHG9-O and cocultured them with Nthy-ori-3 cells. Compared with the control group, exosomes overexpressing SNHG9 resulted in downregulation of YBOX3 and P21 protein levels in the cytoplasm and nucleus (Figure 5F). P21 mRNA levels were also decreased in Nthy-ori-3 cells treated with exosomes overexpressing SNHG9 (Figure 5G). These data indicate that SNHG9 interferes with YBOX3 protein through exosomes and inhibits P21 expression.

We then detected apoptosis and autophagy-related protein expression after overexpressing SNHG9 and treating Nthy-ori-3 cells with PTC exosomes overexpressing SNHG9. As presented in Figure 5H, levels of the caspase apoptosis pathway proteins caspase 3, caspase 9, caspase 7, and PARP and their respective cleaved forms were increased after treatment with SNHG9-overexpressing plasmids or exosomes, suggesting that the cells entered apoptosis. In addition, expression of the autophagy pathway proteins Beclin-1 and Atg5 was downregulated, the P62 protein was aggregated, and LCII/LCI protein levels were decreased (Figure 5I), indicating that Nthy-ori-3 cell autophagy was inhibited.




Discussion

SNHG9 (small nucleolar RNA host gene 9) is a lncRNA with a coding gene located on chromosome 17 and a total length of approximately 416 bp. There are few basic research reports on SNHG9 to date. In this study, we carried out a preliminary exploration of lncRNAs related to PTC cells and their exosomes. We used lncRNA chip technology for high-throughput screening, and we obtained the differential expression profiles of lncRNAs in the exosomes of TPC-1, K-1 and Nthy-ori-3 cell lines by bioinformatics analysis; SNHG9 was at the top of the list, indicating its potential role in PTC tumorigenesis. GO analysis results show that SNHG9 participates in DNA damage repair, apoptosis signal pathway regulation, cell autophagy and other cell processes. More importantly, we found that the distribution of SNHG9 exhibited significant exosomal enrichment. This result suggests that as a carrier of key molecules for cell to cell information regulation, exosomes are involved in the pathogenesis of PTC and that SNHG9 may be one of the key molecules acting through unique molecular mechanisms, participating in the pathogenesis and progression of PTC.

Autophagy is a cell-selective process accompanied by different protein degradation rates and sites (16, 17). Autophagy is tightly regulated under normal conditions, helping cells to maintain balance in synthesis and degradation of cellular components (18). However, in the context of tumors, autophagy can help cells cope with a variety of exogenous stimuli, such as nutrient deficiency, cell density load, and hypoxic oxidative stress. Overall, it is an important mechanism for cells to maintain homeostasis (19, 20).

Apoptosis is a type of programmed cell death during which DNA fragmentation occurs, the cell begins to shrink (16) and become rounded, nuclear chromatin condenses, the nucleus shrinks, a vacuolated cell membrane appears, and apoptotic bodies (including some organelles, ribosomes, and nuclear fragments) form. The relationship between autophagy and apoptosis is complex (21–23). Both processes play critical roles in controlling cell death and survival (24). They can be stimulated by the same stresses (24). In response to stress or damage, autophagy can keep cells viable and metabolically inert, allowing cellular repair and escape from further damage. The occurrence of autophagy can inhibit apoptosis, thereby protecting cells from stress or a lack of energy metabolism due to premature death (25). Inspired by this, after overexpressing SNHG9 in Nthy-ori-3 cells, we examined apoptosis by flow cytometry and found that the number of cells overexpressing SNHG9 undergoing apoptosis was significantly increased compared with the control group. Furthermore, we extracted the respective exosomes from the autophagy group described above, treated Nthy-ori-3 cells with these exosomes and detected apoptosis by flow cytometry. According to the results, the level of apoptosis in the autophagy inhibition group increased to varying degrees. In a coculture system, we used TUNEL staining to detect apoptosis and found significantly stronger staining in the autophagy inhibition group than in the control group. The above results indicate that PTC cells can transmit SNHG9 to surrounding normal cells through exosomes, thereby inhibiting autophagy in normal cells, interfering with their ability to adapt to stress, hyponutrition or hypoxia, and disrupting the internal environment and promoting apoptosis.

We applied RNA pulldown and mass spectrometry to identify target proteins of SNHG9. GO and KEGG analyses and query of the 20 most distinct proteins in a database revealed the transcription factor YBOX3. RIP assays confirmed that SNHG9 is indeed able to bind to the YBOX3 protein, and Western blotting confirmed that SNHG9 negatively regulates YBOX3 in Nthy-ori-3 cells.

It has been reported that YBOX3 is activated in cells under stress and that it binds to the 5’-UCCAUCA-3’ end of the P21 mRNA to stabilize its structure, promote its translation, and increase P21 protein expression. P21 is an important member of the cyclin-dependent kinase inhibitor family, and in the presence of DNA damage, P21 arrests the cell growth cycle, thereby protecting cells from apoptosis (26). It has been reported that P21 can promote degradation of activated caspase 3 and inhibit activation of the apoptotic pathway, preventing apoptosis and promoting survival (27). However, some researchers have emphasized that in the case of ROS induction, translation of the P21 protein is enhanced and activates the p38 MAPKα pathway, which increases expression of Beclin-1, promotes autophagy and maintains the stability of the intracellular environment (28). Therefore, we confirmed that SNHG9 interferes with YBOX3 protein expression through PTC exosomes, negatively regulates P21, inhibits autophagy, and promotes apoptosis under stress conditions.

Our study suggests that SNHG9 acts as a PTC exosome-enriched lncRNA and regulates Nthy-ori-3 cell autophagy and apoptosis by interfering with the YBOX3 and P21 pathways. Nevertheless, the observations that SNHG9 targets YBOX3 to regulate autophagy and apoptosis in normal cells were obtained in vitro, and further verification in animal models is needed. More follow-up studies are necessary to further clarify how SNHG9 induces YBOX3 degradation.
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Supplementary Figure 1 | Validation of cell exosomes extraction. (A) Cell exosome marker CD9 and CD63 showed successful cell exosome extraction by Western blotting. (B) The shape of exosomes was observed by transmission electron microscopy.

Supplementary Figure 2 | (A, C) Overexpression efficiency of SNHG9 in TPC-1, K-1 and Nthy-ori-3 cell lines confirmed by qPCR. (D, F) Knockdown efficiency of SNHG9 in TPC-1 and K-1 cell lines confirmed by qPCR.

Supplementary Figure 3 | SNHG9 could inhibit Nthy-ori-3 cell autophagy through TPC-1 exosomes. (A, C) TPC-1SNHG9-O/TPC -1SNHG9-KD exosomes could inhibit/promote Nthy-ori-3 cells autophagy detected by mRFP/mCherry-GFP-LC3B autophagy flow. Yellow spots indicate autophagosomes and red spots indicate autophagic lysosomes. (B) P62 was significantly increased in TPC-1SNHG9-O exosome treated Nthy-ori-3 and was downregulated in TPC-1SNHG9-KD exosome treated Nthy-ori-3 cells by Western blotting. (D) The impact of TPC-1SNHG9-O/TPC-1SNHG9-KD exosomes on Nthy-ori-3 cell autophagy was decreased after TPC-1 cell exosomes secretion was inhibited by GW4869. (E) P62 protein change after TPC-1 cell exosomes secretion was inhibited by GW4869.

Supplementary Figure 4 | SNHG9 could promote Nthy-ori-3 cell apoptosis through TPC-1 exosomes. (A, B) TPC-1SNHG9-O/TPC-1SNHG9-KD exosomes could promote/inhibit Nthy-ori-3 cells apoptosis detected by flow cytometry.
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Ovarian cancer (OC) is one of the most lethal gynecologic malignant tumors. The interaction between autophagy and the tumor immune microenvironment has clinical importance. Hence, it is necessary to explore reliable biomarkers associated with autophagy-related genes (ARGs) for risk stratification in OC. Here, we obtained ARGs from the MSigDB database and downloaded the expression profile of OC from TCGA database. The k-means unsupervised clustering method was used for clustering, and two subclasses of OC (cluster A and cluster B) were identified. SsGSEA method was used to quantify the levels of infiltration of 24 subtypes of immune cells. Metascape and GSEA were performed to reveal the differential gene enrichment in signaling pathways and cellular processes of the subtypes. We found that patients in cluster A were significantly associated with higher immune infiltration and immune-associated signaling pathways. Then, we established a risk model by LASSO Cox regression. ROC analysis and Kaplan-Meier analysis were applied for evaluating the efficiency of the risk signature, patients with low-risk got better outcomes than those with high-risk in overall survival. Finally, ULK2 and GABARAPL1 expression was further validated in clinical samples. In conclusion, Our study constructed an autophagy-related prognostic indicator, and identified two promising targets in OC.
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Introduction

Ovarian cancer (OC) is one of the most lethal gynecologic malignant tumors (1). Due to the nonspecific symptoms in the early stage and the lack of effective screening techniques of the disease, a large number of patients are diagnosed at an advanced stage, of which the 5-year survival rate was less than 30%. Cytoreductive surgery and platinum- and paclitaxel-based chemotherapy are still the basic treatments for OC. Despite advances in combination chemotherapy, targeted therapy and intraperitoneal chemotherapy, 80% of OC patients initially respond to treatment, but most eventually relapse and ultimately develop into a chemotherapy-resistant disease; thus, no significant improvement in the prognosis of OC has been achieved (2–4).

The clinicopathological features of OC are predicted by the WHO classification and TNM staging system of tumor lymph node metastasis, which is also the key for selecting appropriate treatment. However, because of the heterogeneity of OC, there are obvious stratifications into histological or molecular subtypes, and the results may be significantly different even for patients with similar clinical features and treatment regimens. These observations showed that the clinicopathological features and current classification are not sufficient for prediction and risk stratification. Consequently, it is difficult to meet the needs of clinicians (5, 6). Therefore, it is of great significance for improving the prognosis of OC to search for specific prognostic biomarkers and therapeutic targets with higher predictive value.

Tumor immunotherapy has become a promising treatment strategy, which aims to restore the immune response to fight against tumors. Immunotherapies such as immune checkpoint therapy (ICT), tumor vaccines, immune adoptive therapy and immunomodulators have been applied in many cancers. Many immunosuppressive receptors have been identified and studied in tumors; these studies have led to the development of therapies including, but not limited to, FDA-approved monoclonal antibodies that mediate clinically relevant immunostimulatory effects by suppressing immunosuppressive receptors, such as PD-L1, PD-1, CTLA-4, LAG3, TIGIT and BTLA (7–9). The application of immunotherapy has significantly changed the strategies and modes of treating OC and greatly improved the quality of life in some patients with OC. Pembrolizumab, nivolumab and avirumumab are anti-PD-1 or anti-PD-L1 monoclonal antibodies, and bevacizumab is a monoclonal antibody that binds to vascular endothelial growth factor (VEGF). These drugs have been successfully used to treat recurrent or drug-resistant OC (10–12). However, only some patients benefit from immune treatment, and some patients still show poor responses or resistance to immunotherapy. How to successfully identify which patients may benefit from immunotherapy and which patients may exhibit poor responses or resistance to immunotherapy is a clinically difficult problem. Therefore, screening subjects suitable for immunotherapy would help increase the success rate of treatment and benefit more patients.

Autophagy is an important immunomodulatory process in the tumor microenvironment that can maintain the homeostasis, activation and biological function of immune cells. Innate immune-mediated autophagy can be upregulated by activating innate immune receptors, including Toll-like receptors (TLRs) and nucleotide oligomeric domain (NOD)-like receptors (NLRs) (13). The adaptive immune response depends on the recognition of extracellular or intracellular peptide epitopes provided by major histocompatibility complex II (MHCII) and MHCI molecules and recognized by CD4+ T and CD8+ T cells, respectively. Autophagy provides ATP molecules for antitumor T cells to activate antigen-presenting cells (APCs) (14). Autophagy also plays a role in protecting cells and tissues from stress in normal physiological processes. However, inappropriate autophagy may lead to low antitumor immunity, affect infiltrating of immune cells, and inhibit the immune response to weaken immunotherapy (15). Recent studies have shown that autophagy is closely related to tumor immunotherapy and clinical prognosis of OC (16). Targeted autophagy may be a promising therapeutic strategy for improving the efficacy of immunotherapy and enhancing the immune response. However, it is still difficult to find effective and appropriate autophagy-related gene biomarkers to identify and evaluate tumor-specific cellular immune responses in tumor patients and to predict patient responses to immunotherapy.

In our study, we downloaded the expression profile of OC patients from the TCGA database and obtained autophagy-related genes (ARGs) from the MsigDB database. Based on the ARGs, OC patients were successfully classified into two subtypes, and a risk model was established to assess the prognosis of OC. The system comprehensively evaluated the correlation among classification, risk model and TIM and explored the effect of autophagy on the regulation of the OC TIM. ARGs may be potential biomarkers and provide new ideas for immunotherapy.



Materials and Methods


Datasets and Samples

The gene expression profile was experimentally measured using the Illumina HiSeq 2000 RNA Sequencing platform by the University of North Carolina The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) genome characterization center. Level 3 data were downloaded from the TCGA data coordination center,307 ovarian cancer samples were included. This dataset shows the gene-level transcription estimates, as in log2(x+1) transformed RSEM normalized count. The genes are mapped onto the human genome coordinates using HUGO probeMap, refering to method description from University of North Carolina TCGA genome characterization center. For all the cohorts, only patients with available expression profiles, clinicopathological (including age, status, lymphovascular invasion, stage) data and survival data were included in the analyses. The eight OC samples and paired adjacent tissue samples were obtained from Third Xiangya Hospital of Central South University.



Identification of OC Subtypes

We obtained the autophagy gene set from the MSigDB (https://www.gsea-msigdb.org/gsea/msigdb/search.jsp) KEGG_REGULATION of AUTOPHAGY of molecular signatures; we obtained a total of 35 autophagy-related genes. Compared with the expression data of the genes in the TCGA, candidate genes whose expression level was too low (log2(x+1) <1) were excluded, and 19 ARGs were obtained. We performed k-means clustering based on the mRNA expression data of 19 autophagy-related genes (17). Before performing k-means, a filtering procedure was conducted. We performed k-means (“kmeans” function in R) clustering and used the “NbClust”, “cluster” and “factoextra” packages in R to determine the optimal number of OC subtypes. The values of k where the magnitude of the cophenetic correlation coefficient began to fall were chosen as the optimal number of clusters.



Estimation of Immune Infiltration

The inference of infiltrating cells in the tumor microenvironment (TME) was used to quantify the level of immune cell infiltration in the OC samples. Based on the immune cell marker genes provided by Bindea G, et al (18), we used the R language GSVA package and then used single-sample gene set enrichment analysis (ssGSEA) to quantify the levels of infiltration of 24 immune cells, including T lymphocytes, dendritic cells, natural killer cells, etc., into the sample based on the immune cell marker gene expression profile data in the TCGA-OV. According to the level of immune cell infiltration, we divided patients into a high-infiltration group and a low-infiltration group, observed the relationship between age, stage, grade, lymphatic metastasis and immune infiltration, and used a heat map display to observe various immune cells in the high- and low-risk groups. Finally, the Pearson correlation coefficient was used to calculate the correlation coefficient among immune cells, risk genes and immune cells.



Screening of Differentially Expressed Genes (DEGs) and Bioinformatics Analysis

To obtain the DEGs between cluster A and cluster B in the TCGA–OV cohort, the R package “limma” was used in the standard comparison mode. The DEG threshold was set to | logFC | > 1, and the significance criteria for identifying DEGs was set as an adjusted P value <0.05. Metascape (http://metascape.org) is an online interactive website that helps biologists perform functional enrichment analyses on specific gene sets (19). We first introduced the 19 ARGs into Metascape and identified all the statistically enriched terms. The remaining significant terms were then hierarchically clustered into a tree based on κ-statistical similarities among their gene memberships. Then, we analyzed all the transcripts based on the fold change (log2) obtained by difference analysis of the two different OC subtypes using Gene Set Enrichment Analysis (20) (GSEA, http://software.Broadstitute.org/GSEA/) to evaluate the skewness of the two distributions of the selected genes in the list of ranked genes. Then we set the GSEA threshold for significantly enriched functional annotations to P value<0.05 and | Normalized Enrichment Score (NES) |≥1.



Identification and Validation of the Prognostic Gene Signature

The “glmnet” R package was utilized to carry out the LASSO COX regression. The “glmnet” R package was utilized to carry out the univariate Cox regression to screen 19 ARGs. Using the “glmnet” software package of R for LASSO Cox regression analysis, seven autophagy-related genes were screened to determine the best predictive model, and these genes were selected to further calculate the risk score of each patient (21, 22):

	

According to the median risk coefficient, the patients are divided into a high-risk group and a low-risk group. The Cox proportional hazard regression model includes risk score, age, grade, lymphatic invasion, and staging. The hazard ratio (HR) value distinguishes the prognostic predictors of risk genes and protective genes (HR>1 is a risk gene, HR<1 is a protective gene, p<0.05). Subsequently, Kaplan-Meier survival analysis was performed, and the sensitivity and specificity of the ROC curve were used to evaluate the prognostic performance of the signature. Circos is a visualization tool that can be used to identify and analyze the similarities and differences generated by genome comparisons, effectively display changes in genome structures, and generally display any other types of positional relationships between genome intervals (23, 24). The mutations of 7 ARGs in the TCGA-OV cohort were downloaded from the cbioportal website (https://www.cbioportal.org/). We used Pearson correlation analysis to analyze the correlation between the risk score and common immune checkpoints and tried to use the risk score to accurately predict the effect of treatment.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the OC samples using TRIzol reagent (Invitrogen). The PrimeScript RT (reverse transcription) Kit (TaKaRa Bio) was used to obtain cDNA. qRT-PCR was conducted using the AceQ qPCR SYBR Green Master Mix (Vazyme). β-actin was used as internal control.


 





Western Blotting (WB)

Tissue samples were lysed using RIPA buffer in the presence of Protease Inhibitor Mixture and PhoSTOP (Roche Applied Science). The protein concentration was quantified using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific). Subsequently, the protein (30 μg) was separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Millipore). The membranes were then blocked with 5% nonfat milk in TBS and incubated at 4°C overnight with the following primary antibodies: anti-ULK2 (dilution 1:4000, Omnimabs, OM294638); anti-GABARAPL1 (dilution 1:4000, Abcam, ab86497) and β-actin (dilution 1:4000, Ptgcn, 66009-1-Ig). Then, the membranes were incubated with goat anti-rabbit IgG/HRP secondary antibodies and washed. Finally, the bands were visualized using enhanced chemiluminescence.



Immunohistochemistry (IHC)

Tissues were derived from clinical specimens. The tissue sections were deparaffinized, hydrated, repaired and blocked with citric acid antigen. Subsequently, the tissue sections were probed with an ULK2 antibody (1:50, Omnimabs, OM294638) and GABARAPL1 antibody (1:200, Abcam, ab86497) at 4°C overnight. The sections were washed with PBS for 5 times, and then a secondary antibody was added and incubated at room temperature for 10 minutes. DAB and hematoxylin were added for visualization.



Statistical Analysis

All of the analyses were performed with R software (version 3.6.1, http://www.R-project.org). Univariate and multivariate Cox proportional hazard regression analyses were used to evaluate the relationship between the risk scores and OS. The area under the ROC curve (AUC) (“timeROC” package in R) was used to analyze the sensitivity and specificity of genotyping and gene signature risk scores in predicting survival rate. AUC can be used as an accuracy indicator of prognosis. All statistical P values were bilateral in all the analyses, and P < 0.05 was statistically significant. The primary prognosis endpoint was overall survival, and survival curves were estimated using the Kaplan–Meier method. The log-rank test was used to determine the significance of the difference. The “Surv-cut point” function that repeatedly tests all possible cut-off points to obtain the largest rank statistic was used to dichotomize the differential genes, and then, the largest log-rank statistic was selected to divide the patients into high and low subgroups to reduce the calculated batch effect. The Paired t-test was performed to analyze statistical significance of qRT-PCR data.




Results


Overall Design of This Study

We have developed a flow chart to systematically describe our research (Figure 1). The clinical data and corresponding gene expression profiles of OC patients were downloaded from the TCGA database. One patient without prognostic data was excluded. The ARG sets were downloaded from the MsigDB for follow-up analysis. The subtypes of OC were classified by k-means unsupervised clustering and were divided into cluster A and cluster B. Then, the biological functions, metabolic pathways and signal transduction pathways with significant enrichment of differential genes were analyzed by the Metascape database, and the signaling pathways enriched in cluster A and cluster B were analyzed by GSEA. Seven ARGs were obtained through LASSO Cox regression analysis, and the risk prediction model of these ARGs was established and evaluated. The correlation between risk genes and immune cells was analyzed, and the expression of the ARGs in OC tissues and paracancerous tissues was verified by experiments.




Figure 1 | Flow chart of the study. *P < 0.05.





Identification of Two Subtypes of OC

The 307 patients with OC clustered by k-means based on the mRNA expression of 19 ARGs. It was found that 2 was the optimal and stable number of clusters (Figures 2A, B). Most of the patients were enriched in cluster B, which correlated with a poor prognosis of OC (Figure 2C). Cluster A tended to have better survival than cluster B. 535 differentially expressed genes (DEGs) between cluster A and cluster B were identified, as shown by a volcano map these genes included 108 upregulated genes (log2 fold change ≥ 1) and 427 downregulated genes (log2 fold change ≤ -1) (Figure 2D). We analyzed the association among the 19 ARGs from the TCGA RNA-seq data and the clinicopathological features, including grade, stage, lymph node metastasis, survival status and overall survival time, of 307 OC patients (Figure 2E).




Figure 2 | Identification of OC subtypes using k-means consensus clustering of the metadata set. (A, B) k-means clustering of OC based on the estimated abundance of 19 ARGs. (C) Kaplan‐Meier curves of the overall survival of the different gene subtypes. (D) Volcano plot of the identified differentially expressed genes (| logFC> 1, adjusted P <0.05). Red and blue dots indicate upregulated (N=108) and downregulated genes (N=427) in OC, respectively. (E) The heatmap shows the associations between the ARGs and the clinical characteristics (age, grade, lymphovascular invasion indicator, primary site and clinical stage) in the TCGA database. (Lymph = lymphovascular invasion indicator).





Estimation of Cell Infiltration Into the TME

We quantified the level of immune cell infiltration to evaluate the immune landscape of cluster A and cluster B. First, we explored the relationship among cluster A, cluster B and gene expression of seven common immune checkpoints, including CD274, PDCD1LG2, CTLA4, LAG3, PDCD1, HAVCR2 and TIGIT. These genes were selected based on drug inhibitors that are currently in clinical trials or have been specifically approved in different tumor types. The results showed that the overall expression of the common immune checkpoints in cluster A was significantly higher than that in cluster B (Figure 3A). Next, we analyzed the difference in the expression of common CD8+ T marker genes (CD8A, GZMB, CXCL9, CXCL10, PRF1, TBX21, and CD8B) in cluster A and cluster B and found that the expression of CD8+ T marker genes in cluster A was significantly higher than that in cluster B (Figure 3B). In addition, ssGSEA was used to identify the abundance of tumor-infiltrating immune cells in cluster A and cluster B. We found that the levels of B cells, T cells, Treg cells, TFH cells, macrophages, aDCs, iDCs, CD56dim cells, Th1 cells, and Tgd cells in cluster A were significantly higher than those in cluster B, while the level of infiltrating NK cells in cluster A was significantly lower than that in cluster B (Figure 3C). We quantified 24 kinds of immune cells, such as B cells, T cells, NK cells and macrophages, and drew a heatmap that included the relationship among age, stage, grade, lymphatic metastasis and immune infiltration. Through analyzing the heatmap, we observed that cluster A showed high immune infiltration, while cluster B, on the contrary, showed low immune infiltration (Figure 3D). This result indicates that the immune response of cluster A is active, while that of cluster B is suppressed; thus, we speculate that OC patients in cluster A may have a better response to immunotherapy.




Figure 3 | Immune characteristics of cluster A and cluster B (A) Expression pattern of immune checkpoints in cluster A and cluster B (****p<0.0001, **p<0.01; *p<0.05; ns<1). (B) Expression pattern of CD8+ T signature genes in cluster A and cluster B (****p<0.0001, ***p<0.001; **p<0.01; *p<0.05; ns<1). (C) The ssGSEA method quantifies the level of infiltration of the 24 immune cells in the TIM. Differences in the levels of infiltration of the 24 immune cells in cluster A and cluster B (****p<0.0001, ***p<0.001; ns<1). (D) The composite heat map shows the relationship between the risk score, age, grade, lymphovascular invasion indicator, primary site and clinical stage and infiltration of the 24 immune cells.





Identification of the Involved Signaling Pathways

DEGs were analyzed using Metascape to better understand their functional and pathway enrichment. First, all the statistical enrichment items were determined, the cumulative hypergeometric p-value and enrichment factor were calculated, and filtering was performed. Then, the remaining important terms were clustered into a tree in a hierarchical structure according to the Kappa statistical similarity between its gene members. The 0.3 kappa score was then used as a threshold to coerce the tree into term clusters. Next, we selected a subset of representative terms from this cluster and converted it into a network layout. The nodes of the same enrichment network are colored according to their p-values (Figures 4A, B). From the bar graphs and network graphs, we found that the terms related to immune function were the most abundant; among these terms, lymphocyte activation, adaptive immune response and cytokine-mediated signaling pathway were the 3 terms with the highest significance levels. GSEA was used to execute gene ontology functioinf and pathway enrichment analysis. GSEA analysis showed that signaling pathways such as interferon gamma, interferon alpha, IL-6 JAK STAT3, Inflammatory, P53 pathway, and hypoxia were significantly enriched in the cluster A group (Figure 4C and Table 1). Most of these pathways have been confirmed to be related to immunotherapy (25, 26), suggesting that ARGs may affect tumor immune regulation and providing a certain experimental direction for further research on immunotherapy in the future.




Figure 4 | Signal pathway enrichment analysis was performed on the differentially expressed mRNAs in cluster (A) and cluster (B) For enrichment analysis in the Metascape database, each term is represented by a circular node, and its size is proportional to the number of input genes in the term. Nodes of the same color belong to the same cluster. Terms with similarity scores > 0.3 are linked by edges, and nodes in the same condensed network are colored with p-values. (A, B) The functions of 19 ARGs were mainly enriched in lymphocyte activation, adaptive immune response and cytokine-mediated signaling pathway. (C) Partial display of the GSEA analysis results.




Table 1 | GSEA analysis of the differential genes in cluster A and cluster B groups.





Autophagy-Related Prognosis Classifier and Clinicopathological Characteristics of OC

We performed LASSO Cox regression analysis on 19 ARGs and further obtained 7 ARGs (ATG12, ATG4A, ATG4C, ATG5, GABARAPL1, IFNG, and ULK2) (Figures 5A, B). A risk score to predict the prognostic value of these genes was calculated, and patients with OC were separated into the low-risk or high-risk groups. We found that with the risk score increased, the number of deaths increased (Figure 5C). The ROC curve shows that the classifier has strong predictive ability, with an AUC of 0.63 in 3 years and 0.718 in 5 years (Figure 5D). Univariate Cox regression showed that the risk core was a risk factor for DFS (HR>1, p<0.05), and it had a better prognostic effect than other clinical indicators (Figure 5E). Kaplan-Meier analysis indicated that high-risk patients had significantly worse overall survival than low-risk patients (Figure 5F). This result indicates that the risk model may serve as a promising indicator for evaluating the prognosis of OC patients and may be a powerful prognostic indicator.




Figure 5 | Construction of the ARG prognostic classifier. (A, B) Determination of the number of factors by LASSO analysis. (C) The distribution of risk score, survival duration and status of patients and a heatmap of the ARGs in the classifier. (D) The signature was evaluated by using the sensitivity and specificity of the ROC curve. (E) Univariate Cox proportional hazards regression analysis and the correlation between the risk score, age, grade, lymphovascular invasion indicator, primary site and clinical stage. (F) Kaplan-Meier analysis of TCGA OC patients stratified by median risk score.





Use of 7 ARGs in Survival Analysis of OC

We evaluated the prognostic values of the 7 ARGs in OC. As shown in Figure 6A, 4 of the 7 ARGs played significant prognostic roles in OC: ATG12 [P= 0.018; Hazard Ratio (95% CI)=1.41(1.05-1.9)]; GABARAPL1 [P=0.025; Hazard Ratio (95% CI)=1.41(1.02-1.94)]; ULK2 [P=0.002; Hazard Ratio (95% CI) =0.61 (0.45-0.82)]; and IFNG [P=0.008; Hazard Ratio (95% CI)=0.68(0.51-0.9)]. However, ATG4A, ATG4C and ATG5 were not statistically significant. The coefficients of these genes are shown in Table 2. By analyzing the relationship between the 7 ARGs and OS, it was found that the group showing higher expression of the ATG12 and GABARAPL1 mRNAs had a lower survival time (P<0.05). The group showing higher expression of the ULK2 and IFNG had a significantly longer survival time than the group showing lower expression (P<0.05). We found that among the 7 genes, IFNG and ULK2 were protective factors (HR<1), while ATG12 and GABARAPL1 were risk factors (HR > 1).


Table 2 | Univariate and multivariate COX regression analysis results of 7 immune genes.






Figure 6 | Correlation of risk score with 7 ARG signatures and important immune checkpoints. (A) Kaplan-Meier survival analysis of the 7 ARGs in the TCGA-OV cohort. (B) Correlation between risk score and 7 ARGs. (C) Correlation between risk score and immune checkpoints.





Predicting the Effectiveness of ARGs and Correlation With Our Risk Score

The results of Pearson’s correlation analysis indicated that our risk score was significantly correlated with the mRNA expression level of ARGs, namely, ATG12 (R =0.26, p =7.5e-07), GABARAPL1 (R =0.5, p <2.2e-16), ULK2 (R =0.34, p =6.6e-10), IFNG (R =-0.43, p =2.8e-15), ATG4A (R =-0.21, p =0.00015), ATG4C (R =0.24, p =2.1e-05) and ATG5 (R =-0.15, p =0.0075). It was shown that GABARAPL1 had the highest degree of correlation with the risk score. Additionally, the risk score was also markedly related to the mRNA expression level of the immune checkpoints, which are HAVCR2 (R =-0.18, p =0.0014), LAG3 (R=-0.31, p=3.3e-08), PDCD1LG2 (R=-0.27, p=9.6e-07), PDCD1 (R=-0.28, p =3.8e-07), CD274 (R=-0.21, p =0.0002) and TIGIT (R =-0.32, p=1.3e-08). The results are visualized in Figures 6B, C. The results reveal that patients might respond to therapies that target immune checkpoint inhibitors.



Prognostic Signature Is Related to the TIM

The mutations in the 7 ARGs in the TCGA-OV cohort were downloaded from the cbioportal website (https://www.cbioportal.org/). The gene of highest mutation frequency is GABARAPL1, reaching 5%, of which the main type of mutation was amplification mutations. Following genes were ATG5, IFNG, and ATG4C, which were 3, 3, and 2.5%, respectively (Figure 7A). We also found that the expression of IFNG in OC was more scattered and lower, while the expression of ATG12, ATG4A, ATG4C, ATG5, GABARAPL1, and ULK2 was relatively concentrated and higher (Figure 7B). A correlation analysis of the 7 ARGs was performed to obtain Circos plots (Figure 7C). We explored the correlation between 7 ARGs and immune cells (Table 3).




Figure 7 | ARG signature characteristics. (A) The waterfall plot of OC mutations established by 7 ARGs in the TCGA-OV cohort. (B) The height of the mountain represents the discrete situation between a set of data. The steeper the mountain is, the more concentrated the distribution of this group of data is, and there are few discrete values between the data; the gentler the mountain is, the more dispersed the group of data is. (C) Circos plot shows the correlations between the 7 ARGs. (D) Correlations between the 24 immune cells. (E) Heat map of the correlation between the 7 ARGs and the 24 immune cells.




Table 3 | Correlation between 7 ARGs and immune cells.



Correlation analysis was also performed to analyze the 24 immune cells. The immune cell proportions were weakly to strongly correlated. T cells and cytotoxic cells showed the strongest positive correlation; macrophages also indicated a strongly positive correlation with iDCs. Eosinophils and Th17 cells showed a moderate negative correlation (Figure 7D). Additionally, we analyzed the correlation between 7 immune genes and immune cells and found that ATG5, ATG4C, ATG12, ULK2, and GABARAPL1 were positively correlated with NK cells, T helper cells, Tcm cells and other immune infiltrating cells and negatively correlated with NK CD56dim cells, eosinophils and NK CD56bright cells. IFNG was positively correlated with B cells, CD8 T cells, macrophages, iDCs, DCs, Th1 cells, cytotoxic cells, aDCs, Treg cells, and TFH cells but negatively correlated with NK cells and NK CD56dim cells. ATG4A was positively correlated with macrophages, T cells, pDCs, Tcm cells, NK cells, and T helper cells and negatively correlated with eosinophils and NK CD56dim cells (Figure 7E).



Validation of the Gene Signature in Clinical Tissue Samples

To confirm the reliability of the identified gene signature, we examined the ULK2 and GABARAPL1 expression levels by qRT-PCR, WB, and IHC using 8 pairs of OC tumor tissues and paracancerous tissues. The results showed that the ULK2 and GABARAPL1 mRNA in the tumor tissues were significantly downregulated compared with those in the paracancerous tissues (p<0.05) (Figure 8A). Moreover, the protein level of ULK2 and GABARAPL1 were detected using IHC in 8 OC clinical tissues that underwent cytoreductive surgery. The IHC analysis showed that ULK2 and GABARAPL1 were lowly expressed in the OC tissues (Figures 8B, C).




Figure 8 | Expression of ULK2 and GABARAPL1 in OC. (A, B) ULK2 and GABARAPL1 expression decreased in OC tissues, compared to the paired paracancerous tissues specimens from 8 patients, determined by qRT-PCR analysis and western blot analysis. (C) Representative immunohistochemical images of ULK2 and GABARAPL1 expression in OC tissues and paracancerous tissues analyzed by IHC (400×). T, tumor; N, paracancerous tissues. **P < 0.01.






Discussion

The early symptoms of patients with OC can’t be easily detectable. Due to difficulty in diagnosis at early stage, tumor recurrence, chemoresistance, and poor prognosis, improving clinical treatment is very challenging. Therefore, it is urgent to identify reliable biomarkers for early prognosis to facilitate the diagnosis and treatment of OC. Induction of autophagy has shown promise in the management of a wide range of illnesses, including neurodegenerative disorders, cardiovascular diseases, and rheumatic diseases (27–29). Accumulating evidence suggests that autophagy plays important roles in tumor chemotherapy and radiotherapy. In addition, autophagy affects TIM and tumor immunotherapy. Proper regulation of autophagy could enhance the immune response, leading to immunotherapy potentiation.

Recently, a medical breakthrough was made in the field of cancer immunotherapy. However, how the immune system uses immune cells to eradicate tumors in a complex environment remains to be further investigated. Unfortunately, only a small proportion of cancer patients and only some cancers currently respond to immunotherapy (30). How to make more patients benefit from personalized immunotherapy and improve the efficacy of immunotherapy is the focus of tumor immunology. Immune cells play a protective role in the tumor microenvironment, which can lead to immune checkpoint inhibition and immune cell infiltration (31). Therapeutic strategies that target the immune microenvironment, such as immunosuppressive cells and immunosuppressive factors, can effectively prevent tumor cells from escaping immune surveillance. Therapies that block immune checkpoints show longer-lasting responses than traditional chemotherapy and have been approved by the FDA for the treatment of multiple cancer types, such as melanoma, nonsquamous cell carcinoma, OC, etc. (32–34). However, therapies that block immune checkpoints have low response rates in approximately 10%-30% cancers, which may be related to tumor mutational burden, PD-L1 expression level, IFN signaling and MHC-I loss. However, the current understanding of the low response rate of immunotherapy is still limited, and the regulatory mechanism is not clear.

Targeting the tumor microenvironment by immunotherapy may be a promising therapeutic strategy. Autophagy regulates innate and adaptive immune responses by regulating immune components, such as NK cells, T lymphocytes, B cells and DC cells (35). It was reported that autophagy could promote antigen presentation by MHCII and MHCI molecules on APCs. Autophagy provides an important antigen source for the loading of MHCII, thus activating antigen-specific CD8+ T cells (36). In addition, autophagy not only regulates cytokines to affect immunity but also increases the response of MHCI molecules to IFN-γ to enhance cross-presentation (37). The defection of autophagy causes the accumulation of intracellular fat droplets, promotes the release of linoleic acid, and leads to the exhaustion of liver CD411 cells, thereby inducing an immunosuppressive tumor microenvironment and promoting tumor progression (38, 39). Antibody-mediated responses to both T cell-dependent and T cell-independent antigens also require autophagy. Otherwise, these responses will cause endoplasmic reticulum stress and T cell death. Autophagy-related gene suppression in human pancreatic ductal adenocarcinoma 8988T cells can promote the expression of PD-L1, which is conducive to the establishment of an immunosuppressive tumor microenvironment (40).

There have been no comprehensive and systematic studies on the relationship among autophagy, the immune microenvironment and immunotherapy in OC. This study aims to identify suitable immunotherapy targets and effective prognostic biomarkers and to predict the response and prognosis of OC. Using k-means clustering, we successfully divided OC samples into two groups, cluster A and cluster B. Significant differences were found between cluster A and cluster B. Cluster A had a better prognosis for OS and had a higher immune infiltration level than cluster B. Next, we use Metascape to analyze the differential mRNA (FDR<0.05) of cluster A and cluster B for signal pathway enrichment analysis. Lymphocyte activation, adaptive immune response and cytokine-mediated signaling pathway were the top three signaling pathways, and all of these pathways were closely related to the function of the immune system. We then used GESA for pathway enrichment and found that IFN-γ, IFN-α, IL-6 JAK STAT3, inflammatory, P53 pathway, and hypoxia were significantly enriched in cluster A. Most of these pathways are closely related to tumorigenesis and the TME. For example, interferon plays a vital role in the immune response and has been studied in a variety of malignant tumors (41, 42). IFN-γ signal transduction can promote Treg function in autoimmunity, and activation of the IFN-α signaling pathway leads to a more effective antiviral response and enhanced antitumor immunity (43). The JAK/STAT3 pathway is aberrantly activated in various cancers, including OC, and is involved in functional regulation of the tumor microenvironment (44). Inflammatory factors could induce immune suppression and mediate immune escape (45). The P53 tumor suppressor pathway plays a key role in tumor immunology and the homeostatic regulation of immune responses (46). Our classification is of great significance in guiding clinical work. Patients in cluster A have a better prognosis and significantly higher immune infiltration than those in cluster B, and the enriched signaling pathways are mainly related to the TIM. Thus, cluster A may obtain better clinical outcomes with immunotherapy and have a certain clinical reference value for OC.

Gene markers are widely used in modern clinical diagnosis. Traditional markers, such as CA125, CA199 and alpha-fetoprotein (AFP), are frequently used to diagnose OC, gastric cancer and liver cancer, predicting prognosis, and monitoring postoperative recurrence, respectively (47–49). Additional searches for more sensitive and specific markers are needed to improve clinical diagnosis and treatment. We established a 7 ARG prognostic risk signature by LASSO Cox regression and then divided patients into high-risk and low-risk groups. ROC curve and Kaplan-Meier survival analyses showed that the model was reliable and helpful to identify high-risk and low-risk patients. Univariate Cox regression analyses showed that the risk score was a more reliable indicator of DFS than other factors. The risk score was also closely related to risk genes and immune checkpoint molecules. Some risk genes have been confirmed to be closely related to the formation and development of OC. IFNG expression is related to the upregulation of XBP1, and lacking XBP1 selectively in T cells could promote antitumor immunity (50). P53 and RAS mutants regulate apoptosis and autophagy through the dysregulation of ATG12 and affect chemotherapy resistance (51). It was reported that ATG5 could promote the growth of OC cells in the peritoneal microenvironment, and inhibition of ATG5-induced autophagy sensitizes OC cells to olaparib and other PARP inhibitors (52, 53). However, GABARAPL1 and ULK2 have not been reported in OC. Experimental verification found that ULK2 and GABARAPL1 are downregulated in OC, combined with OS analysis, the results show the higher expression of ULK2 indicated a better prognosis whereas the higher expression of GABARAPL1 showed a worse prognosis in OC. ULK2 may be a protective prognostic factor. Unexpectedly, GABARAPL1 may be a risk prognostic factor, the reason may be that the sample size was too small for inferential statistics or that the characteristics of the autophagy gene itself caused this result, but the specific reasons need to be further explored. ULK2 and GABARAPL1 may be potential therapeutic targets for OC.

The successful classification of OC in this study is conducive to screening patients suitable for immunotherapy, and 7 marker genes can be used as strong biological markers for the prognosis of OC. The research, however, has some limitations. Firstly, the number of ARG sets studied is relatively small, and there is no validation set. In addition, we verified the expression of some ARGs in tissues, but the biological functions of the ARGs need further experimental research.

In summary, the autophagy-immune-based gene risk signature might be helpful to guide the clinical treatment, evaluate the prognosis and predict the efficacy of immunotherapy. ARGs might be potential markers for the prognosis of OC immunotherapy.
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Treatment with a combination of programmed cell death-1 (PD-1) blocker and cytokine-induced killer (CIK) cells has improved outcome in cancer patients but is also associated with various patterns of responses. Pseudoprogression is a unique and uncommon phenomenon with no clear criteria for rapid diagnosis. Although some reports of pseudoprogression during immunotherapy exist, there are few reports of pseudoprogression occurring twice in the same patient. Here, we report the case of 51-year-old female patient with advanced renal cell carcinoma, who received a combination treatment of PD-1 blocker and CIK cells, and where pseudoprogression of lung and brain tumors occurred successively during treatment.
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Introduction

The incidence of kidney cancer is increasing, with renal cell carcinoma (RCC) now accounting for approximately 85% of adult kidney cancers, about 70% of which are clear cell carcinoma (1). The treatment strategy for advanced RCC is evolving from one using multiple target-kinase inhibitors to one using immunotherapy (2). When successful, immunotherapy treatment significantly prolongs overall survival in advanced RCC (3, 4), but it succeeds in only a minority of patients (4). Many clinical trials using combination immunotherapy for advanced RCC have been conducted (3), but few studies exist using immunotherapy combined with cytokine-induced killer (CIK) cells (4).

Given the unique mechanism of immunotherapy, many unconventional phenomena can appear. Pseudoprogression is one such treatment response reported in many tumors treated with immunotherapy (5). Recognizing and understanding this phenomenon is crucial since it may lead to discontinuing therapy in patients that are actually responding positively. Although pseudoprogression can be judged in many ways (6–8), it is difficult to quickly distinguish it from real progression. Here, we present a case of RCC metastasized to the lung and brain where significant pseudoprogression appeared twice during treatment with the PD-1 inhibitor nivolumab combined with CIK cells.



Case Presentation

A lump found in the left kidney during physical examination of a 51-year-old woman was diagnosed as kidney cancer, and the woman underwent a radical nephrectomy of the left kidney via laparoscope surgery on 29 November 2016. She had no history of kidney disease nor any family history of cancer. Pathology revealed a nuclear grade 2 clear cell carcinoma (TNM-staging: pT2 pN0 G2 M0) with favorable prognostic features according to MSKCC criteria, and thus the patient underwent a regular comprehensive review after surgery. Right middle femur metastasis occurred in January 2018, and positron emission tomography-CT (PET-CT) showed multiple lung metastases on 5 February 2018. At this time, she experienced low fever, poor appetite, and fatigue. Physical examination of lungs showed clear breath sounds, no weakening and no rales. She began therapy with sunitinib, and zoledronic acid, 4 mg every 4 weeks. During sunitinib treatment, a grade 2 hand-foot skin reaction occurred. After a 2-month treatment, a CT showed that the lung metastasis had increased in size, which was evaluated as progressive disease according to RECIST 1.1.

After providing informed consent, the patient received 2 mg/kg nivolumab combined with approximately 5 × 109 CIK cells every 3 weeks starting in April 2018. After two cycles of therapy, the patient experienced increased appetite, but a CT scan performed 2 months after initiation of this therapy revealed enlarged and new pulmonary metastases. We continued to apply nivolumab and CIK cells combination therapy. After 6 months of therapy, a CT showed that the lesions in the lungs had begun to decrease (Figure 1). Subsequent CT scans showed progressive disease reduction until November 2019.




Figure 1 | Patient exhibited pseudoprogression of pulmonary lesions after 2 months of treatment with nivolumab plus CIK cell transfer and achieved a partial remission after 4 months.



In December 2018, the patient experienced intermittent headaches. No fever, nausea or vomiting was present, and no change in blood pressure, appetite and physical status occurred. Enhanced head magnetic resonance imaging (MRI) showed two nodules on the right parietal lobe that were considered metastases. After multidisciplinary consultation, local radiotherapy for head lesions was recommended, but the patient refused. Oral painkillers were used to control headaches and treatment with nivolumab and CIK cells continued. After an additional 5 months (May 2019), symptoms disappeared, and another enhanced MRI found the brain lesions had disappeared (Figure 2).




Figure 2 | MRI during treatment with nivolumab and CIK cells. MRI revealed two enhancing metastatic lesions within the brain parenchyma 6 months after the initiation of treatment. The brain lesions disappeared after 6 months of continued treatment.



During treatment with nivolumab and CIK cells, no adverse events occurred except for a fever of 38.8 °C at the beginning of therapy. This was managed with physical cooling treatment; no corticosteroids were given.

At a follow-up in November 2019, CT scans showed right hilar lymph nodes that were significantly enlarged and low fever, fatigue, and poor appetite were present. Treatment with axitinib was started, achieving partial remission (PR). As of the last follow-up on 6 May 2020, the disease continues to stabilize. The timeline of the patient’s disease development, treatment and outcome is shown in Figure 3.




Figure 3 | Timeline of the patient treatment.





Discussion

Immune checkpoint inhibitors as a new anti-tumor drug have completely changed the treatment mode for kidney cancer. However, the objective response rate is only about 25% and complete remission rate is only about 1% (9). Therefore, a combination treatment strategy is the focus of current research. Research on the combination of targeted chemotherapy drugs and combined immunotherapy is prevalent in the literature. However, few studies on the combination of targeting PD-1 and using CIK cells exist.

CIK cells are a group of heterogeneous immune-active host effector cells created from peripheral blood lymphocytes that are stimulated by interleukin-2 (IL-2), anti-CD3 antibodies, and interleukin-1 (IL-1) in vitro. CIK cells express the dual-functionality of acquiring NK cell function and retaining TCR-mediated cytotoxicity with T cell subsets (10). Blockade of the PD-1 pathway in combination with CIK cells as a treatment program shows better survival advantage and fewer adverse reactions in RCC and lung cancer (4), although the precise mechanisms of this are not clear. One possible mechanism is be that anti-PD-1 therapy increases the number of effector T cells in the tumor microenvironment, and CIK cells, essentially T lymphocytes, have a direct cytotoxic effect against tumor cells (10). Previous studies have shown that CIK cells improve quality of life and progression-free survival rates in patients with cancer (11). In addition, CIK cells alone, or combined with anti-PD-1 therapy, have no significant side effects in clinical applications (12, 13). This may thus provide a new treatment options for some patients who have poor physical fitness scores and cannot tolerate other treatments. However, only a few cases of this treatment have been reported (13), and further research is needed to verify these findings.

Pseudoprogression is a special phenomenon that occurs during immunotherapy. It is defined as the presence of a new lesion or an increase in size of an existing lesion, followed by a decrease in the tumor burden. It thus appears to be disease progression until the next imaging assessment. Biopsies have confirmed it is essentially an influx of inflammatory cells, necrosis, or sarcoid-like reactions. The overall incidence of pseudoprogression in solid tumors is low. If pseudoprogression occurs and the patient is clinically stable, according to iRECIST, the patient can continue treatment. However, some patients may consider changing treatment options for fear they have true disease progression. Thus, distinguishing between true progression and pseudoprogression is especially important. iRECIST criteria are currently the definitive guidelines for measuring objective response rates in cancer immunotherapy trials. According to iRECIST, waiting for 4-8 weeks until the next imaging assessment should occur before changing treatment (6). In our case, when lung lesions progressed for the first time and new lesions appeared in the brain, without deterioration in clinical symptoms, we did not change the treatment plan. Subsequent imaging examination confirmed that the change was pseudoprogression. However, patients with true disease progression will have delayed potentially effective treatment. Studies suggest changes in serum interleukin-8 (IL-8) levels and circulating tumor DNA may be useful in the diagnosis of pseudoprogression (7, 8).

Our case demonstrates that pseudoprogression can occur at any time during immunotherapy and that clinicians need to pay special attention to identifying it. Characterizing the relationship between pseudoprogression and long-term survival requires longer term, large sample size observations.
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Name Target Indications Approval date

Ipiimumab CTLA4 Melanoma Mar 2011
Pembrolizumab PD-1 Melanoma Sep 2014
NSCLC Oct 2015

Head and neck cancer Aug 2016
Hodgkin lymphoma  Mar 2017

MSI-H/AMMR May 2017
Bladder cancer May 2017
Gastric cancer Sep 2017
Cervical cancer Jun 2018
PMBCL Jun 2018
Hepatocellular Nov 2018
carcinoma

Merkel cell carcinoma  Dec 2018

Renal cell carcinoma  Apr 2019

scLe Jun 2019
Esophagus cancer  Jul 2019
Endormetrial Sep 2019
carcinoma

Nivolumab PD-1 Melanoma Dec 2014
NSCLC Mar 2015

Renal cell carcinoma  Nov 2015
Hodgkin lymphoma  May 2016
Head and neck cancer Nov 2016

Bladder cancer Feb 2017
Colorectal cancer  Aug 2017
Hepatocellular Sep 2017
carcinoma
scLe Aug 2018
Cemiplimab PD-1 scc Sep 2018
Atezolizumab PD-L1 NSCLC Oct 2016
Bladder cancer May 2016
scLe Mar 2019
Breast cancer Mar 2019
Durvalumab PD-L1 Bladder cancer Feb 2016
NSCLC Feb 2018
scLe Mar 2020
Avelumab PD-L1 Merkel cell carcinoma  Mar 2017

Renal cell carcinoma ~ May 2019

Ipiimumab-+ CTLA4+PD-1  Melanoma 0ot 2015

nivolumab Renal cell carcinoma ~ Apr 2018
Colorestal cancer  Jul 2018
Hepatocellular Mar 2020
carcinoma

Data from U.S. Food and Drug Administration website (before March 2020). MSI-H, high
levels of microsatelite; dMMR, deficient mismatch repair; PMBCL, primary mediastinal
B-cell lymphoma; SCLC, small cell lung cancer; SCC, squamous cell carcinoma.
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Reduces cytokine
secretion by activated
CTLs
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engage fatty acid
catabolism
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carbon of
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cancer; CKB, creatine kinase, brain-type; CLL, chronic ymphocytic leukemia; CRC, colorectal cancer; CRY2, cryptochrome circadian regulator 2; ETS1, E26 transformation-specific
1; FABP4, fatty acid binding protein 4; FASN, fatty acid synthase; FBXL, F-box and leucine rich repeat protein 3; FGFR1, fibroblast growth factor receptor; GLS, Glutaminase;
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Tissue samples

Serum
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Relevance in cancer

High Tf saturation correlated with increased risk of colorectal, lung, and breast cancers and mortality from these cancers
35, 36).

Low Tf saturation and high Fe binding capacity correlated with increased risk of stomach cancer (35).

High expression in melanoma and breast cancer lines (37).

Highly expressed in melanoma tissues, but is also detectable in breast, liposarcoma, and lung cancer tissues (37). High
expression correlated with high tumor grade and lymph node metastases of colorectal cancer tissues (38).

High levels detected in colorectal cancer patients (38).

Low in some prostate lines due to hypermethylation of promoter (39).

Low/absence of Lf associated with shorter PFS” of breast and prostate cancers (39, 40). Lf lower in gastric cancer samples
compared to normal adjacent tissues (41). Lf lower in nasopharyngeal carcinomas than matched normal samples and
expression negatively correlated with disease stage (42).

Patients with prostate cancer had significantly lower levels of Lf compared to healthy controls (39)

High expression observed in ovarian (43), thyroid (44), breast (45), and colorectal (46) cancer cell lines.

Highly elevated in ovarian, thyroid, colorectal, and liver cancers compared non-tumor tissues (43, 44, 46, 47). Expression
positively correlated with breast and thyroid tumor grade (44, 45).

Higher in ovarian and liver cancer patients compared with healthy controls and predictive of poor OS' for ovarian cancer
(43, 46).

Higher in breast cancer patients than healthy controls (45)

Overexpressed in breast, colon, prostate, leukemia, and esophageal cancer cells (48, 49).

Elevated in esophageal, colon, ovarian and lung tumors vs. normal tissues (48, 49). Expression was elevated with increasing
stage of iver cancer and correlated with poor prognosis of gliomas and breast cancers (48).

Higher in prostate cancer patients than healthy controls (48).

Upregulated in ovarian, colon, and glioblastoma cancer celllines (50, 51)

Expression cortelated with high tumor grade, but inversely correlated with prognosis of glioblastoma (51) and leukemia (52).
Expressed in a proportion (~26%) of colon cancers (53).

Not detected in normal esophageal tissues, but overexpression of DMT1 was seen in tumors and associated with
metastasis (49).

>25% tumor cell positivity correlated with poorer survival of breast cancer patients (54).

Highly expressed in breast, glioma, and endometrial tumors (55).

Higher in more aggressive types of breast cancer el lines (56).
FTH1 was overexpressed in esophageal adenocarcinoma (49). FTH1 and FTL highly expressed in HNSCC tissues
‘compared to normal, associated with metastasis and high FTH1 resulted in shorter PFS (57). FTH1 and FTL higher in
glioblastorna samples compared to normal brain, increased with glioma grade and correlated with worse survival (58).
Higher FTL in metastatic lesions than primary melanomas (59). FTH1 and FTL were higher in ovarian tumor samples
compared to benign and increased with tumor grade (50). High Ft associated with lymph node involvement and survival of
breast cancers (61). Ft levels were elevated in colorectal cancers than normal colon mucosa (62).

Higher in HNSCC patients with metastasis than without (57). Levels elevated compared to normal controls and associated
with poor PFS for neuroblastoma (63), Hodgkinson's lymphorma (84), cervical (65), oral squamous cell (56), renal cell (67), T
ell ymphorna (68), colorectal (62, 69), breast (70), and ovarian (60) cancers.

Lower expression in prostate and breast cancer cells (71, 72).

Overexpressed in esophageal adenocarcinoma compared with normal (49). Expression was lower in prostate and breast
cancers compared to normal and declined with increasing tumor grade (71~73). Low ferroportin expression levels in
pancreatic cancer tissue were significantly associated with poor prognosis (74).

High expression observed in prostate and breast cancer tissues compared to normal (71-73).

Highly expressed in esophageal adenocarcinoma compared with normal (49). High Deyt expression was associated with
increased survival of breast cancer patients (75).

Increased in some prostate and breast cancer cells (76, 7).

Decreased IRP1 expression hepatocellular carcinoma tissues compared to the adjacent non-tumorous liver tissues.
Expression of IRP1 was significantly associated with disease stage and vascular invasion and low IRP1 associated with
poor OS and PFS (78).

Consistently increased in prostate and breast cancer cells (76, 77).

IRP2 expression is correlated with histologic grade and molecular subtype of human breast cancer (76). IRP2 was elevated
in colorectal cancers compared to normal colon mucosa (79).

*0S, Overall survival; PFS, progression-free survival; HNSCC, head and neck squamous cell carcinoma.
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Ciclopirox Hydroxypyricinone, Hematological, Phase | (181)
olamine (CPX)  synthetic iron advanced
chelator solid tumors.
Curcumin Polyphenol, Various Phase Il (182)
plant-derived iron
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chelator hematological
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chelator hepatocellular
carcinoma
DpddmT Thiosemicarbazone Various Pre-clinical ~ N/A
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gallate (EGCG)  natural iron prostate
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chelator hepatocellular
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