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Editorial on the Research Topic 


Deciphering the regulatory role of transcription factors in cancer immune infiltration





Introduction

Transcription factors (TF) are proteins that bind to specific DNA sequences and regulate gene transcription, playing essential roles in various cellular processes, such as cell proliferation, differentiation, and immune responses (1). Tumor immune infiltration, the process by which immune cells infiltrate tumor tissues is a critical component of the tumor microenvironment (TME) significantly influencing cancer progression and therapeutic outcomes (2). Dysregulated TF activities can contribute to cancer malignancies by modulating the expression of immune-related genes, impacting immune cell recruitment, activation, and function (3) and thus reshape the anti-tumor immune response (3). Understanding the regulatory role of TFs in cancer immune infiltration offers promising avenues for the development of novel therapeutic strategies and biomarkers for cancer treatment.

Tumors can be classified as “hot” and “cold” based on the degree and type of immune cell infiltration, immune cell activity, and the heterogeneity of the tumor microenvironment (4). Some cancer types are frequently identified as “hot” tumors, such as bladder, head and neck, kidney, liver, melanoma, and non‐small cell lung cancers. In contrast, ovarian, prostate, and pancreatic cancers are often classified as “cold” tumors due to low immune infiltration and immune response (4). Immunotherapy shows clinical benefits in some cancer types. However, challenges such as low response rate, high recurrence, and metastasis risk remain significant hurdles, particularly in treating “cold” tumors (4). TFs, especially master transcript factors, play a crucial role in driving lineage plasticity in cancers and modulating the tumor microenvironment. Targeting TFs could be explored as a potential therapeutic strategy for combinational therapy in cancer treatment. Identifying immune-related TFs could also help transform “cold” tumors into “hot” tumors by reconstructing the TME.

For this Research Topic, we aimed to unravel the intricate interplay between TFs and immune cells in the context of cancer immune infiltration. We investigated the potential functionalities of TFs in cancer through various mechanisms, including direct transcriptional regulation of immune-related genes, crosstalk with signaling pathways involved in immune cell activation, and interactions with other cellular components of the tumor microenvironment. In summary, deciphering the regulatory role of TFs in cancer immune infiltration is a crucial step toward understanding the complexities of the tumor microenvironment. This knowledge holds significant potential for advancing the development of more effective immunotherapy strategies.





NF-κB transcription factors in the TME

The tumor microenvironment is a multifaceted and dynamic ecosystem comprising not only tumor cells but also various non-cancerous cells, secreted ligands, and the extracellular matrix (5, 6). This intricate environment plays a pivotal role in tumor progression, metastasis, and therapeutic response. NF-κB transcription factors were known for their central roles in inflammation and innate immunity, garnering attention for their critical involvement in cancer development and progression, as well as the configuration of the TME (7). A systematic review by Cao et al. emphasizes the multifaceted role of the NF-κB signaling pathway in regulating various aspects of the TME, including immune modulation, stromal cell function, angiogenesis, invasion, and the link between inflammation and tumorigenesis. They also discussed how NF-κB transcription factors recruit immune cells and their complex roles in immune cell types, such as T, B, NK, and DC cells. Last but not least, the links among tumor progression, metabolism, and immune infiltration have been summarized in this review. A review by Kumar and Gupta also discussed the connection between epigenetic regulation of one NF-kB downstream gene, NKG2D, and NK cell-based immunotherapy in cancer.

These findings suggest the crucial functions of transcription factors in the TME, and targeting these kinds of TFs could be a novel method to increase immune infiltration and enhance the efficiency of immunotherapy.





NRF-1 function in the melanoma TME

Previous studies have identified the integrin-associated protein, CD47, to be a critical myeloid lineage checkpoint, which is overexpressed in various types of cancer cells, especially in melanoma, and can inhibit innate immunity-mediated anti-tumor responses (8–11). In Makwana et al.’s original study, they demonstrate that upregulation of CD47 occurs at the mRNA level and chromatin accessibility at the CD47 promoter region also changed in melanoma. Real-time PCR confirmed elevated CD47 mRNA production across multiple transcript variants. Analysis using the MotifMap algorithm identified binding consensus sequences for Nuclear Respiratory Factor-1 (NRF-1) within the CD47 proximal promoter region. Chromatin Immunoprecipitation (ChIP) assays further showed NRF-1 binding at predicted sites, with differential affinities observed between malignant and normal cell types, contributing to increased CD47 mRNA and protein levels in cancer cells. Bioluminescence reporter assays defined the minimal CD47 promoter region and identified the number of NRF-1 binding sites essential for the efficient activation of CD47. These findings highlight the regulatory role of NRF-1 to CD47 expression in melanoma. NRF-1 transcription factor serves as a critical regulatory hub, uniquely capable of controlling genes involved in both mitochondrial biogenesis and the evasion of innate immunity in the TME.





PGC1α reshapes the TME in diverse cancers

The peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) importantly acts as a tissue-specific transcription coactivator by interacting with a multitude of transcription factors and regulates metabolic processes in cancer cells (12). PGC1α can also reshape the TME and modulate the immune response by coordinating metabolic networks between cancer cells and immune cells. Inhibition of PGC1α facilitates overcome of immune-evasive and therapeutic resistance. Therefore, a comprehensive elucidation of PGC1α in the TME is necessary. In this Research Topic, Wang et al. systematically reviewed the role of PGC1α in cancer and discussed specific functions of PGC1α in several cancer types. The magnitude of PGC1α at the transcriptional regulation level suggests that many crucial transcription factors contribute to the reshaping of the TME in cancer, such as FOXO1 and MYC. They summarized the significance of PGC1α in the cancer TME, especially in immune cells. Targeting PGC1 modulates immune cell metabolism and in turn alters the immune landscape of tumors by reducing immune suppression and enhancing the efficacy of immunotherapies. These studies indicate that transcriptional regulation sculptures TME and transcription coactivators such as PGC1α, could reshape immune cells in the microenvironment of diverse cancers.
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PGC1α, a central player in mitochondrial biology, holds a complex role in the metabolic shifts seen in cancer cells. While its dysregulation is common across major cancers, its impact varies. In some cases, downregulation promotes aerobic glycolysis and progression, whereas in others, overexpression escalates respiration and aggression. PGC1α’s interactions with distinct signaling pathways and transcription factors further diversify its roles, often in a tissue-specific manner. Understanding these multifaceted functions could unlock innovative therapeutic strategies. However, challenges exist in managing the metabolic adaptability of cancer cells and refining PGC1α-targeted approaches. This review aims to collate and present the current knowledge on the expression patterns, regulators, binding partners, and roles of PGC1α in diverse cancers. We examined PGC1α’s tissue-specific functions and elucidated its dual nature as both a potential tumor suppressor and an oncogenic collaborator. In cancers where PGC1α is tumor-suppressive, reinstating its levels could halt cell proliferation and invasion, and make the cells more receptive to chemotherapy. In cancers where the opposite is true, halting PGC1α’s upregulation can be beneficial as it promotes oxidative phosphorylation, allows cancer cells to adapt to stress, and promotes a more aggressive cancer phenotype. Thus, to target PGC1α effectively, understanding its nuanced role in each cancer subtype is indispensable. This can pave the way for significant strides in the field of oncology.
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Introduction

The peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) is a pivotal transcriptional coactivator with multifaceted roles in regulating cellular energy metabolism and mitochondrial biogenesis (1). Since its first identification as a binding partner of the nuclear receptor peroxisome proliferator-activated receptor gamma (PPARα) in 1998, the significance of PGC1α in orchestrating diverse metabolic pathways has become increasingly evident (2, 3). Its functions include mitochondrial biogenesis, fatty acid oxidation, gluconeogenesis, and oxidative phosphorylation (4).

The versatility of PGC1α is emphasized by its ability to interact with a multitude of transcription factors and coactivators (5, 6). This enables PGC1α to exert intricate control over the expression of genes relevant to these pathways. As the cornerstone of mitochondrial biogenesis (7), PGC1α can augment the number and activity of mitochondria. This amplification enhances cellular energy production and adaptability, ensuring a balance between energy homeostasis and the response to shifts in energy demands. Beyond its metabolic functions, PGC1α is pivotal in processes such as cell growth, differentiation, and survival (8), underscoring its role in preserving cellular integrity and function. The prominence of PGC1α in physiological processes implies its potential involvement in pathologies. Indeed, perturbations in PGC1α expression or activity have been linked to a spectrum of diseases, ranging from neurodegenerative disorders (9) and metabolic syndromes to cardiovascular diseases (10). Notably, emerging evidence suggests a role for PGC1α in cancer pathogenesis (11). Its dysregulation has been implicated in metabolic reprogramming and disease progression across a variety of malignancies, both solid and hematological (1).

Unfortunately, challenges exist in managing the metabolic adaptability of cancer cells and refining PGC1α-targeted approaches. There is a need to decode the intricate molecular ties of PGC1α’s interactions with cancer cells. This is a critical step in comprehending both PGC1α’s multifaceted involvement in cancer and the ability to use this knowledge for cancer prevention and treatment. Therefore, this review aims to collate and present the current knowledge on the expression patterns, regulators, binding partners, and roles of PGC1α in diverse cancers. We examined PGC1α’s tissue-specific functions and elucidated its dual nature as both a potential tumor suppressor and an oncogenic collaborator. A comprehensive understanding of PGC1α’s intricate relationship with cancer metabolism could pave the way for novel biomarker identification and therapeutic interventions against this pervasive global health challenge. We hope that this review will serve as a foundational guide for researchers interested in the further exploration of this domain.





Structure and functions of PGC1α

The PGC1α gene, located on chromosome 4 at the 4p15.1 position, features several functional domains crucial for its activity (3). These domains include the N-terminal transcriptional coactivatory domains, which facilitate interactions with various transcription factors; a central inhibitory domain that moderates its coactivatory functions; and an RNA recognition motif (RRM) located at the C-terminus. The N-terminal region is particularly significant for its role in engaging with nuclear receptors such as peroxisome proliferator-activated receptor gamma (PPARγ), nuclear respiratory factor 1 (NRF1), and estrogen-related receptor alpha (ERRα) (1, 12). These interactions are essential for the transcriptional regulation of genes that play a role in mitochondrial functionality and oxidative metabolism. Upon activation, PGC1α primarily functions by coactivating nuclear receptors and other transcription factors, thereby promoting the expression of genes related to energy metabolism (13). This gene is fundamental to the adaptation to changing metabolic demands during shifts in nutrient availability or energy requirements. Specifically, PGC1α enhances mitochondrial replication, respiratory capacity, and oxidative phosphorylation, which collectively increase cellular energy production (14). The regulation of its activity involves various post-translational modifications and protein interactions, allowing for a responsive adjustment to cellular energy conditions (15, 16). Through these multifaceted roles and complex regulatory mechanisms, PGC1α acts as a central regulator of metabolic processes, highlighting its importance in both normal physiology and various pathological conditions, including cancer.





Roles of PGC1α in cancer cells

PGC1α is an important gene that regulates metabolism in cancer cells, controlling pathways like glycolysis, tricarboxylic acid (TCA) cycle and fatty acid synthesis etc. But the interesting thing is its actual role differs a lot between different cancer types – sometimes it suppresses tumors, but other times it promotes cancer growth instead! This depends on the complex interplay between various intracellular signaling pathways. PGC1α closely interacts with molecules like β-catenin, AMP-activated protein kinase (AMPK), and can modulate downstream gene expression based on these upstream signals. So, it acts like a central integrator of signals that reprogram metabolism. Its expression and functions are super tissue-specific. For example, from the latest studies, PGC1α expression is upregulated in ovarian cancer (OC), colorectal cancer (CRC), gastric cancer (GC), nasopharyngeal (NPC) and cholangiocarcinoma (CCA), while downregulated in thyroid cancer (TC), liver cancer and renal cancer. However, in some types of cancers, like melanoma, prostate and breast cancer, low and high expressions of PGC1α are coexisted (Figure 1). PGC1α also reshapes the tumor microenvironment by coordinating metabolic crosstalk between cancer cells and immune cells. Targeting PGC1α could potentially help overcome therapeutic resistance, but overcoming metabolic plasticity of cancer cells remains a big challenge! Here, we elucidate the mechanisms of PGC1α from the perspective of different tumor cells in detail.




Figure 1 | The expression patterns of PGC1α in diverse cancers.






PGC1α in thyroid cancer

The conventional perspective on metabolic changes observed in thyroid carcinomas is that they arise as a consequence of disease progression rather than as instigators themselves (17, 18). However, growing evidence suggests that these metabolic alterations also play regulatory roles in driving cancer progression. Studies have revealed the downregulation of PGC1α expression, particularly in the advanced stages of thyroid cancer (19) and notably in tumors harboring the BRAF V600E mutation (17), which is the most prevalent somatic oncogenic mutation in papillary thyroid carcinoma (20, 21). A comprehensive analysis on The Cancer Genome Atlas (TCGA) data from hundreds of patients with papillary thyroid carcinoma underscored the significance of PGC1α downregulation, as it correlated with a higher disease stage and an increased risk of recurrence (17). Multiple mechanisms appear to be involved in suppressing PGC1α expression in TC. The intricate AMPK signaling pathway is implicated in this regulatory process, whereby the activation of protein kinase B (AKT) leads to the suppression of PGC1α expression (17). Further, oxidative metabolism appears to inflict damage upon PGC1α mRNA, consequently dampening its expression (17). This forms a vicious feedforward loop as PGC1α loss exacerbates oxidative stress by curtailing mitochondria and antioxidant responses. Given multifaceted aspects of negative regulation, PGC1α is capable of playing important roles in TC development. Indeed, PGC1α deficiency damages mitochondrial function, elevates oxidative stress, and enhances glycolytic phenotype and disease progression (17).





PGC1α in colorectal cancer

PGC1α is frequently found to be overexpressed in CRC tissues and cell lines. It serves as a key energy mediator, and is induced by aerobic glycolysis (22) and hypoxia (23) in CRC cells. Interestingly, lactate metabolites generated from these processes contribute to the elevation of PGC1α mRNA levels in cancer cells (24, 25). Sirtuin3 (SIRT3), a principal mitochondrial deacetylase, has been implicated in modulating PGC1α levels. In metastatic CRC cell lines, the inhibition of SIRT3 using shRNAs has been found to lead to a decrease in both PGC1α mRNA and protein levels (26). Additionally, oncogenic phosphatase PRL3, a regulator of reactive oxygen species (ROS), has been found to exert its influence on upregulated PGC1α expression through the mediation of Ras-proximate-1(RAP1) (27). However, in specific scenarios where CRC cells are quiescent, the level of PGC1α has been found to be reduced. For example, linoleic acid was found to induce dormancy in CRC cells by increasing the expression of miR-494, which suppressed energy metabolism genes and maintained cell quiescence through reducing PGC1α levels (28). Interestingly, miR-494 was present at low levels in non-metastatic cases (28). In addition, in normoxic CRC cancer stem cells (CSCs), the expression of hypoxia-inducible factor 1-alpha (HIF-1α) was significantly reduced, leading to the restoration of PGC1α expression in these areas (29). This suggests that HIF1α can act as a negative regulator of PGC1α. Additionally, substances secreted from the tumor microenvironment (TME) may also impact PGC1α expression. For instance, neutrophil elastase (NE), which is released from the neutrophil extracellular traps (NETs) activated toll-like receptor 4 (TLR4) on cancer cells, has been shown to trigger the TLR4/p38/PGC1α axis, resulting in PGC1α upregulation (30). Notably, PGC1α levels have been found to not only be upregulated in cancer cells but also be heightened in adipose tissues (20), particularly in the context of obesity-related CRC (31) and in cases of cancer cachexia (32). This cachexia-related elevation of PGC1α has been shown to be achieved through the secretion of interleukin-8 (IL-8) in extracellular vesicles (EVs) from CRC cells (32). Cachexia, a late-stage complication of various cancers, is promoted by tumor growth and chemotherapy administration (33). In muscle tissues affected by wasting, abnormal PGC1α expression contributes to mitochondrial dysfunction, which in turn causes cachexia-related symptoms (34). Retrospective studies analyzing clinical tumor samples from patients with CRC have underscored the clinical relevance of PGC1α in CRC (35). Notably, PGC1α expression is positively correlated with nodal metastasis (36), and high tumor PGC1α expression is correlated with reduced overall survival (OS) (36). Hence, PGC1α might serve as a biomarker for assessing CRC invasion and progression.

Functionally, PGC1α plays a crucial role in enhancing mitochondrial biogenesis and oxidative phosphorylation, thereby reprogramming the metabolism to support cell proliferation, growth, and survival (23, 30, 37). Particularly under hypoxic conditions, PGC1α exerts an antioxidant effect to shield cancer cells from accumulation of ROS (23). Moreover, PGC1α enhances lipid biosynthesis by increasing fatty acid synthase (FASN) levels indirectly through the upregulation of Sp1 and SREBP-1c. This process provides essential building blocks for cell membranes in rapidly proliferating cells (38). Further, PGC1α activates multiple pro-tumorigenic signaling pathways in CRC. It promotes the activation of the AKT/GSK-3β pathway through physical interactions with AKT, although the exact mechanisms remain undefined (39). Additionally, PGC1α boosts leucyl-tRNA synthetase 1 (LARS1) expression, further stimulating AKT/GSK-3β signaling (37).WNT/β-catenin pathway can also be activated by PGC1α, which promotes CRC cell proliferation and inhibits apoptosis (37, 39). PGC1α activates the epithelial-mesenchymal transition (EMT) pathway by upregulating transcription factors like Snail, Slug, and Twist (37, 39), thereby facilitating cancer cell migration and invasion. Recent findings have also indicated that PGC1α can orchestrate lactate oxidation, further promoting the migration and invasion of normoxic CSCs in CRC (29). Additionally, PGC1α can upregulate oxidative phosphorylation and antioxidant genes in chemo resistant cells to adapt to metabolic stress and evade damage from chemotherapeutic agents (23, 40). In 5FU-resistant CRC cells, elevated PGC1α expression has been found to be associated with enhanced mitochondrial biogenesis (40), increased expression of BCL2 while simultaneous decreases BAX, cleaved caspase-3, and cleaved PARP-1 (23). Although SIRT1 is not found to regulate PGC1α transcriptionally, it controls deacetylation and activation of PGC1α, thus protecting CRC cells against chemotherapy (41). Suppression of PGC1α restores chemosensitivity in CRC cells (41). Consequently, monitoring changes in PGC1α expression in patient samples during and after treatment can provide insights into tumor response and the progression towards chemoresistance, enabling timely adjustments to alternative treatment regimens before the disease advances.

Above all, PGC1α integrates various oncogenic pathways in CRC, including metabolism, EMT, inflammation, and survival. Targeting PGC1α holds promise as an approach to counter metastasis and improve patient outcomes. Importantly, dietary interventions offer a potential strategy. For instance, linoleic acid (LA) has been shown to induce quiescence in CRC by suppressing PGC1α expression in mice models (28). In vitro studies have demonstrated that manuka honey (MH) reduces colon cancer cell growth in a dose-dependent manner by deactivating PGC1α (42). Clinical trials for CRC are also exploring metabolic drugs such as metformin, which indirectly inhibit PGC1α activity and reprogram metabolism (11, 43). Given their favorable safety profiles and ability to target cancer metabolism, these PGC1α-related drugs could offer new treatment avenues for patients with advanced or chemotherapy-refractory CRC.





PGC1α in gastric cancer

Mirroring its expression pattern in CRC, PGC1α has been found to be highly expressed in GC and gastric epithelial cells (44). This elevated expression appears to be influenced by oxidative stress induced by exogenous molecules. Indeed, research has demonstrated that quercetin, a potential prooxidant, increases PGC1α expression under oxidative stress conditions, thereby safeguarding gastric cells from damage (45). Notably, this effect is particularly pronounced after prolonged exposure to H2O2, whereas quercetin lacks this effect under normal circumstances (45).

Upregulated PGC1α has been found to promote GC progression through the inhibition of cell apoptosis and promotion of EMT (44). A more precise mechanism has now been revealed, wherein PGC1α orchestrates the transcription of SNAI1, subsequently affecting the levels of miR-128b (44). This regulatory cascade, which has been observed both in vitro and in vivo, enhances cell growth and metastasis in GC (44). The influence of posttranscriptional modifications on PGC1α’s function is also notable. In GC, PGC1α has been found to undergo phosphorylation by CAB39L-induced p-AMPK, culminating in the regulation of genes associated with mitochondrial respiration complexes (46). Furthermore, PGC1α possesses a pivotal role in the chemoresistance of GC, characterized by disrupted metabolism (47, 48). The HCP5/miR-3619-5p axis controls PGC1α expression, subsequently enabling its interaction with CCAAT/enhancer binding protein beta (CEBPB), thereby triggering transcription of carnitine palmitoyltransferase I (CPT1). This in turn enhances fatty acid oxidation (FAO) in GC, ultimately conferring chemoresistance to cancer cells (49). Remarkably, PGC1α suppression could sensitize GC cells to chemotherapeutic agents by inducing metabolic deficiencies and increasing oxidative stress (49).





PGC1α in liver cancer

Liver cancer, also known as hepatocellular carcinoma (HCC), is a major cause of cancer-related mortality worldwide (50). The main risk factors for HCC include chronic hepatitis B and C viral infections, alcohol abuse, nonalcoholic steatohepatitis (NASH), and aflatoxin exposure (51, 52).

Emerging evidence suggest that PGC1α is downregulated in HCC tissues and cell lines (2, 53). However, the cause of the abnormal expression remains unclear. One proposed mechanism is the accumulation of Parkin-interacting substrate (PARIS) in response to oxidative stress (54), which inhibits PGC1α expression transcriptionally. Additionally, sestrin2 (SESN2), a stress-inducible protein in HCC, has been found to mediate glutamine-dependent activation of PGC1α. SESN2 forms a complex with JNK and FOXO1, enhancing PGC1α transcription. Thus, the reduced SESN2 leads to a decreased PGC1α expression under glucose deprivation (55). The Yes-associated protein 1 (YAP1), a key effector of the Hippo signaling pathway, suppresses PGC1α expression in HCC (56). Moreover, mitochondrial transcription factor B2 (TFB2M), acts as a pivotal oncogene in HCC (57), decreases PGC1α expression at both mRNA and protein level through SIRT3/HIF-1α signaling (58). Interestingly, although hypoxia generally induces PGC1α expression in many diseases (59–61), HIF-1α has been reported to negatively regulate PGC1α expression (58, 62). However, the precise mechanism underlying this regulation remains unclear, due to a lack of Chip-Seq data and in-depth investigations.

Functional studies have demonstrated that PGC1α inhibits HCC cell proliferation and metastasis. Low PGC1α expression is associated with poor prognosis and aggressive tumor features in HCC patients (2). Mechanistically, PGC1α has been found to counter the Warburg effect, a well-known process promoting cancer progression in HCC cells (63, 64). PGC1α achieves this by promoting oxidative phosphorylation (OXPHOS) and inhibiting aerobic glycolysis, partially through PDK1 in a PPARγ-dependent manner (2). PGC1α activates PPARγ, leading to reduced β-catenin protein levels and inhibition of the WNT/β-catenin pathway and PDK1 expression (2). This results in a decrease in the Warburg effect and tumor suppression. Conversely, impaired PGC1α reverses these effects (2). Moreover, PGC1α regulates gluconeogenic genes with several coactivators, such as hepatic nuclear factor 4 alpha (HNF4α), which has been found to repress pathogenesis of HCC (65). Important targets like G6PC and PCK1, affecting the glycogen accumulation and driving HCC progression (66), are mediated by PGC1α and HNF4α. YAP reduces the ability of PGC1α to coactivate HNF4α at its promoter (56). Post-translational modifications of PGC1α also plays roles in HCC progression. Mitochondrial fission, important in promoting tumor progression in HCC (67, 68), reduces NAD+ levels and SIRT1 activity, leading to increased acetylation of PGC1α protein. Reduced PGC1α activity has been found to be associated with downregulation of CPT1A and acyl-CoA oxidase 1 (ACOX1) and inhibition of FAO in HCC cells (53), both contributing to HCC growth and metastasis (69, 70). Interestingly, general control non-depressible 5 (GCN5) has been found to inhibit PGC1α activity via acetylation (16), but the knockout of GCN5 in mouse liver has not been found to have a significant effect on cancer development (71).

PGC1α also has implications in precancerous or tumorigenic stages. High mobility group AT-hook 1 (HMGA1), a non-histone nuclear protein (72), has been found to recruit protein PGC1α to enhance HBV replication and antigen production through HBV EII/Cp promoter activation, which is associated with liver cirrhosis and HCC oncogenesis (73–75). PGC1α’s relationship with viral expression of HBV has also been observed in other studies (76, 77). Liver cirrhosis, stemming from non-alcoholic fatty liver disease (NAFLD), occasionally precedes HCC and involves Bcl-3 (78), while Bcl-3 reduces PGC1α activity, suggesting that higher PGC1α activity might protect against NAFLD-related liver cirrhosis (78, 79). Indeed, pharmacologically activating PGC1α has shown promise for NAFLD treatment (78, 80).

However, several studies have proposed an oncogenic function for PGC1α downregulation validations in HCC. For instance, SET8 inhibits Keap1 expression through PGC1α, activating the Nrf2/ARE pathway and supporting HCC progression (81, 82). Interestingly, gankyrin elevates TIGAR level, a well-known regulator of glucose metabolism, via the Nrf2/ARE pathway. This elevation promotesPGC1α nuclear importation, and drives increased glucose metabolism in HCC (83). Therefore, the synergy between Nrf2/ARE activation and nuclear localization of PGC1α could serve as a critical loop in the metabolic changes that support HCC progression. In addition, the phosphoserine aminotransferase 1 (PSAT1)’s interaction with p5372P variant in HCC cells dissociates PGC1α binding, promotes PGC1α’s nuclear translocation (84), mitochondrial transcription factor A (TFAM)-mediated OXPHOS and TCA cycle activation (15). Converse effects have been observed for wild-type p53. In HCC, CD147 promotes p53 degradation via the PI3K/AKT pathway (85). Intriguingly, when p53 is exogenously expressed, there is an upregulation of PGC1α levels (86). This suggests that CD147 might impede mitochondrial biogenesis and functionality by suppressing PGC1α/TFAM levels. In this context, PGC1α appears to play a tumor-suppressive role. Thus, targeting PGC1α upstream or downstream pathways is a promising therapeutic strategy for HCC. PPARα agonists that mimic PGC1α re-expression have shown efficacy in HCC models. For example, GW7647 diminishes hepatocarcinogenesis in-humanized mice models (87, 88).





PGC1α in renal cancer

Research has indicated a decline in PGC1α expression in clear cell renal cell carcinoma (ccRCC) tumors compared to normal tissues. This reduction in PGC1α levels aligns with higher tumor grades (89), advanced disease stage (90), worse disease progression, and worse OS (91). One possible reason for this suppression could be the activation of transforming growth factor beta (TGF-β) signaling, which is commonly observed in ccRCC. In fact, when TGF-β signaling is inhibited, PGC1α levels see an increase (92). Moreover, histone deacetylase 1 (HDAC1) and histone deacetylase 7 (HDAC7) have been identified as corepressors, playing a role in suppressing PGC1α via the TGF-β signaling pathway (92). In a related observation, retinoic acid 13 (Stra13 or Dec1) is found to transcriptionally inhibit PGC1α expression. This suggests that Stra13 could be a mediator of HIF-mediated PGC1α suppression during von Hippel-Lindau (VHL) deficiency and hypoxia in ccRCC (90). The actions of Stra13 appear to be closely related to HDAC activity (93). On another front, the epigenetic changes also seem to play a part, particularly through m6A modifications that impacts the stability of PGC1α. A decrease in FTO expression in ccRCC has been linked to a rise in methylated PGC1α mRNA, leading to reduced stability (91).

Functional experiments have uncovered PGC1α’s potential as a tumor suppressor in ccRCC. Evidence suggests that reintroducing PGC1α restores the levels of TCA cycle enzymes and mitochondrial functions, reversing the metabolic effects of TGF-β signaling in mice models (92). In addition to inducing oxidative stress, PGC1α sensitizes ccRCC cells to cytotoxic therapies (90). Moreover, PGC1α inhibits cell metastasis in vitro and in vivo by reducing collagen gene expression via miR-29a induction, including collagen type I alpha 1 chain (COL1A1) and collagen type VI alpha 2 chain (COL6A2) (94). Loss of PGC1α in metastatic RCC promotes collagen expression, discoidin domain receptor tyrosine kinase 1 (DDR1) activation, and subsequent snail family transcriptional repressor 1 (SNAIL) stabilization (89). Another tumor suppressor, mitochondrial pyruvate carrier 1 (MPC1), is also regulated by PGC1α (95, 96). PGC1α stimulates the transcription of MPC1 in conjunction with ERR-α and reduced MPC1 negates PGC1α’s effects on mitochondrial respiration and biogenesis (95).

However, PGC1α’s role seems subtype-dependent. Divergent conclusions have been drawn for the other subtypes. One instance involves the loss of MYBBP1A in 9% of renal tumors (97). MYBBP1A represses PGC1α levels, so the decline of MYBBP1A activates PGC1α directly and indirectly through c-MYB, shifting cellular metabolism from glycolysis to OXPHOS (98). This occurs primarily in the absence of c-MYB or pVHL (97, 98). Another scenario involves inactivation of SETD2 in approximately 12% of ccRCC cases (99). SETD2, a histone H3 lysine trimethyltransferase, acts as a ccRCC tumor suppressor (100, 101). Loss of SETD2 boosts PGC1α expression and mitochondrial mass in ccRCC (102), prompting a metabolic shift towards oxidative phosphorylation and lipogenesis. In both these contexts, PGC1α takes on a tumor-promoting role in ccRCC.





PGC1α in cholangiocarcinoma

The metabolic reprogramming observed in CCA plays a crucial role in driving its progression (103, 104). CCA cells exhibit increased aerobic glycolysis and glutamine anaplerosis, which allows them to produce essential biosynthetic intermediates vital for their rapid growth and survival (103). Recently, the significance of PGC1α in CCA has been emphasized. Patients with elevated levels of PGC1α expression tend to experience reduced OS and progression-free survival (PFS) and are associated with increased angioinvasion and accelerated recurrence (105). Furthermore, the upregulation of PGC1α drives CCA metastasis by elevating the expression of two critical factors: pyruvate dehydrogenase-alpha 1 (PDHA1) and mitochondrial pyruvate carrier 1 (MPC1) (96). This molecular mechanism reverses the Warburg effect, a hallmark metabolic characteristic often observes in cancer cells. Notably, PGC1α also exerts a significant influence on mitochondrial metabolism regulation and the maintenance of stem-like characteristics in CCA stem cells (105). Therefore, pharmacological interventions involving substances like metformin or SR-18292 have shown promise in inhibiting the effects associated with PGC1α upregulation, mitigating its impact on CCA progression and metastasis (105).





PGC1α in glioblastoma

Emerging evidence underscores the pivotal role of PGC1α in GBM oncogenesis, progression, and treatment resistance. Notably, data from the GBM TCGA and GBM PDX Mayo Clinic databases indicates that GBM exhibits decreased PGC1α mRNA expression compared to normal brain tissue (106). Intriguingly, protein levels of PGC1α have also been reported to be highly expressed in GBM patients, which are located not only in the perinuclear or cytoplasmic regions but also prominently within mitochondria, as proven by publicly available TMAs from US Biomax (107). However, compared to WHO grade IV gliomas, lower-grade gliomas (WHO grade II and III) show increased expression of PGC1α (108). Further survival analysis have indicated that higher PGC1α expression in patients with GBM corresponds to shorter survival times (108), implying that PGC1α loss contributes to gliomagenesis and the transition to glioblastoma. Once a GBM develops, the upregulation of PGC1α within a subset of tumors can promote aggressiveness by driving mitochondrial metabolism. Interestingly, the expression of PGC1α varies in distinct PTEN status; therefore, the protein levels of PGC1α are highest in the SF767 cells (PTEN wildtype) and lowest in the A172 cells (PTEN-deleted) (109).

Functional studies demonstrate that PGC1α seems to act as a tumor suppressor in GBM. Aurora kinase A (AURKA) has been implicated in GBM progression and is a potential therapeutic target for this aggressive brain cancer (106, 110). Research has shown that the inhibition of AURKA leads to c-Myc suppression, subsequently resulting in the upregulation of PGC1α, which in turn promotes oxidative metabolism. Furthermore, H3K27ac ChIP-seq and ATAC-seq show that chromatin accessibility at the potential c-Myc-binding region in the PGC1α promoter is increased, whereas following AURKA inhibition, the binding of c-Myc to the PGC1α promoter is reduced. Concurrently, an enhanced acetylation of the same region in PGC1α promoter has been observed following exposure to AURKA inhibition, indicating that c-Myc may act as a suppressor of PGC1α (106). Moreover, FDA-approved HDAC inhibitors, such as panobinostat, vorinostat, and romidepsin, have been shown to replicate these effects by blocking the Warburg effect in GBM cells. This interference with HDAC1/-2 reduces c-Myc levels while increasing PGC1α expression (111). Another inhibitor, crizotinib, which targets MET kinase (112, 113), induces the metabolic reprogramming of GBM cells. This reprogramming, characterized by heightened oxidative phosphorylation and fatty acid oxidation, is also mediated by upregulated PGC1α expression and facilitated by increased CREB phosphorylation after Crizotinib exposure (14, 114). The mTORC1 pathway, crucial for cell growth and proliferation in GBM (115), is often activated by epidermal growth factor receptor (EGFR). However, mTORC1 inhibition, accompanied by reduced PGC1α expression, protects GBM cells from hypoxia-induced cell death under the conditions of the TME (116, 117). Thus, preclinical experiments have shown that, rapamycin, an mTORC1 inhibitor, triggers adverse effects by promoting cell survival in GBM under hypoxic conditions (116). Concurrently, mTORC1 activation, followed by increased PGC1α expression, sensitizes GBM cells to hypoxia-induced cell death (116).

Similar to other tumors, PGC1α exhibits dual effects in GBM, displaying both anticancer and pro-cancer roles in distinct subtypes. In particular, the fusion of the FGFR3 and TACC3 genes (F3-T3), which act as potent oncogenes, has been identified in approximately 3% of GBM cases (118, 119). PGC1α has been shown to be notably overexpressed in F3-T3-positive GBM cells in the presence of PIN4. Elevated PGC1α contributes to mitochondrial biogenesis and respiration through ERRγ. Conversely, dampening PGC1α activity hinders the tumor-promoting effects of F3-T3, as demonstrated in both cellular and animal models in GBM (120).





PGC1α in melanoma

Melanoma cells exhibit two distinct transcriptional signatures, proliferative and invasive, which correspond to different cellular phenotypes (121). The metastatic spread of melanoma is thought to involve a transition in cell behavior, shifting from a proliferative program to acquiring migratory and invasive characteristics (122). The expression of PGC1α generally defines these two subsets of melanoma cells (123). In the first subset, PGC1α has been found to be expressed at high levels and plays an important role in melanoma progression and survival. Its upregulation may be triggered by the microphthalmia-associated transcription factor (MITF) via its binding to the upstream regulatory promoter (5, 123, 124), an event regulated by the Wnt/β-Catenin pathway (125) or an important lipogenic enzyme-ATP-citrate lyase (ACLY) (126). Elevated levels of PGC1α are correlated with poor survival (13, 123). In this subset, PGC1α supports melanoma through various mechanisms, with programmed cell death being key. Apoptosis, a process that triggers cell death, is regulated by PGC1α through the regulation of reactive oxygen species (ROS) levels. Thus, suppression of PGC1α leads to a decrease in the expression of genes involved in ROS detoxification, resulting in elevated ROS levels and subsequent induction of apoptosis (123). Ferroptosis, another form of cell death, is involved in melanoma progression and chemoresistance (127). Small molecules that induce ferroptosis, such as RSL3 and ML162, suppress the expression of PGC1α through the Wnt/β-Catenin-MITF pathway. Loss of PGC1α impairs mitochondrial function and antioxidant capacity, leading to excess accumulation of mitochondrial ROS and sensitizing cells to ferroptosis (125). As the activation of the Wnt/β-Catenin pathway in melanoma guides resistance to anti-PD-L1/anti-CTLA-4 treatment (128, 129), targeting the Wnt/β-Catenin signaling pathway or PGC1α may improve the effectiveness of immunotherapy by inducing ferroptosis (129). Furthermore, PGC1α tightly interacts with ERRα in melanomas, promoting mitochondrial oxidative metabolism by regulating the expression of genes involved in oxidative phosphorylation and the TCA cycle (13). Depletion or pharmacological inhibition of ERRα selectively inhibits the growth of PGC1α-positive melanomas, but not PGC1α-negative melanomas (13). BAY 1238097, a potent inhibitor of BET binding to histones, strongly represses the expression of PGC1α in melanoma cells, impairing mitochondrial function and inhibiting melanoma cell proliferation (130). These findings support the concept that PGC1α-positive melanomas depend on mitochondrial metabolism for growth.

Conversely, another subpopulation of melanoma cells exhibits lower PGC1α expression, possesses a limited number of mitochondria, and relies heavily on glycolysis to produce energy. This phenotype is often observed in invasive and metastatic melanomas (131, 132). In this subset of melanoma cells, PGC1α may be epigenetically silenced through chromatin modifications involving H3K27 trimethylation at its promoter. Pharmacological inhibition of EZH2, an enzyme involved in chromatin modifications, diminishes H3K27me3 markers (133, 134), leading to increased PGC1α level and suppression of invasion in PGC1α-silenced cells (122). Additionally, BRAF mutation (V600E) suppresses MITF and PGC1α expression in melanoma cells (135). Knocking down PGC1α in these cells promotes a pro-metastatic gene program and enhances metastasis in mice models (131). PGC1α upregulates the expression of inhibitor of DNA binding protein (ID2), which binds and inhibits a diverse array of bHLH transcription factors (136). The binding of ID2 suppresses the transcription factor TCF4, resulting in the suppression of metastasis-related genes including integrins, which are known to affect metastasis (131, 137). Moreover, ID2 suppresses the activity of TCF12, which increases the expression of WNT5A (122). As WNT5A can stabilize YAP protein levels (138, 139), inhibition of TCF12, WNT5A, or YAP blocks melanoma migration and metastasis (122). BRAF inhibitors, such as PLX4032, which have been reported to upregulate PGC1α expression in melanomas (140, 141), inhibit metastasis partly by suppressing the Wnt/β-Catenin-MITF pathway and promoting the expression of PGC1α (125). This effect is independent of their cytotoxic or growth-inhibitory properties (131). Kisspeptin-1 (KISS1) functions as a metastasis suppressor by inhibiting metastasis without affecting primary tumor growth (142). In melanoma cells, the transcriptional coactivator PGC1α plays a crucial role in mediating the effects of KISS1 on cell metabolism and metastasis suppression (143). PGC1α helps KISS1 upregulate genes that promote fatty acid oxidation, activates AMPK signaling to inhibit acetyl-CoA carboxylase (ACC), and ultimately shifts cells towards mitochondrial oxidative phosphorylation instead of glycolysis (144). The loss of PGC1α blunts these metabolic changes and abolishes KISS1’s anti-metastatic effects. The major implication of these bi-signatures is that effective melanoma therapies should target both proliferative and invasive cell types, as they coexist within tumors and can interconvert. Targeting only one phenotype may lead to the selection and outgrowth of alternative phenotypes. Indeed, suppressing of PGC1α-dependent oxidative metabolism activates glycolysis via HIF1α as a compensatory survival mechanism in melanomas. Dual inhibition of PGC1α and HIF1α causes energetic deficits, but partial rescue of melanoma cells have been observed through glutamine utilization (145). Hence, a triple targeting approach involving PGC1α, HIF1α, and glutamine metabolism is necessary to completely block melanoma growth by shutting down oxidative metabolism, glycolysis, and glutaminolysis (145), suggesting that a combination therapy targeting multiple nodes of tumor metabolism is necessary to effectively disrupt energy production and viability, However, overcoming the challenges posed by metabolic heterogeneity and redundancy remains a significant obstacle.





PGC1α in prostate cancer

The expression of PGC1α has generally been found to be reduced in PC, with a further decrease observed in metastatic tissues (146). This downregulation of PGC1α is associated with decreased disease-free survival (DFS) (147–149). The exact reasons for the downregulation of PGC1α in PC are not fully understood; however, they are believed to be a result of selective pressure during disease progression and metabolic changes. Reports suggest that miRNAs, such as miR-34a-5p, can downregulate PGC1α (150).

It has been reported that PGC1α plays a tumor-suppressor role in the development of PC, inhibiting cancer progression and metastasis (146). Interestingly, some studies have found that the protein level of PGC1α is undetectable in PC cell lines, despite comparable transcript levels to metastatic PC specimens (146, 151). The re-expression of PGC1α in vitro and in vivo has been shown to inhibit cell proliferation and cell cycle progression, supporting its antiproliferative activity (146). Moreover, PGC1α suppresses the metastatic properties of PC cells by decreasing integrin signaling, causing cytoskeletal changes (152), and downregulating MYC levels and activity (153). This effect is mediated by its interaction with the transcriptional partner estrogen-related receptor alpha (ERRα). Knockout of ERRα prevents PGC1α from inhibiting invasion, suggesting that the PGC1α/ERRα axis acts as an antagonist to the progression of PC metastasis (146, 152). Furthermore, AMPK, a metabolic regulator in PC, safeguards against cancer progression in mice models (154–156). Activation of AMPK leads to increased expression of PGC1α and its downstream targets, promoting a switch to a more oxidative and catabolic metabolism and opposing the pro-tumorigenic program of increased lipogenesis (154). However, it has been found that androgens-activated AMPK can increase the expression of PGC1α, promoting mitochondrial content and PC cell growth in cell line models (151). Intriguingly, in a mouse model of benign prostatic hyperplasia, androgen/testosterone increased prostate size but did not affect PGC1α levels (151). These findings elucidate the complex roles of the AMPK/PGC1α axis in PC development.

In a subpopulation of clinical PC samples, PGC1α level is found to be overexpressed, and PGC1α may therefore exert a tumor supporting role (151, 157). In addition to the aforementioned AMPK signaling pathway, another mechanism contributing to the abnormal expression of PGC1α is the loss or mutation of p53 (158). In PC cells with mutated or deleted p53, PGC1α has been found to be expressed at high levels. Overexpression of wild-type p53 in these cells decreases the expression of PGC1α and causes mitochondrial dysfunction (157). However, this regulation axis is highly metabolic-pattern dependence, as p53 suppresses PGC1α level and nuclear localization through redox modification (159). In these settings, the tumor-supporting role of PGC1α is found to depend on the transcription factors (TFs) it partnered with. For example, PPARG activation results in the upregulation of AKT3, which subsequently promotes the nuclear localization of PGC1α. The genes induced by PGC1α promotes mitochondrial biogenesis and energy metabolism, fueling PC progression (160).

In addition, the ETS-related gene (ERG) functions as an oncogenic transcription factor in PC (161). In such cases, PGC1α has been shown to act as a coactivator for ERG, specifically under metabolic stress conditions like glucose deprivation and serum starvation (8). This interaction and coactivation of ERG by PGC1α leads to increased expression of antioxidant genes, such as SOD1 and TXN, which can help clear ROS and benefit PC growth (8).This suggests that PGC1α allows ERG fusion-positive PC cells to adapt and survive under metabolic stress by coactivating the antioxidant transcriptional program of ERG.





PGC1α in ovarian cancer

While PGC1α activity is typically low in normal tissues, several studies have reported frequent overexpression of PGC1α in ovarian tumors compared to that in normal ovaries (162, 163). However, it is important to note that the results of the high tumor expression of PGC1α only correlates with tumor differentiation and did not exhibit significant correlations with other clinical features (164). When combined with ERRα, the overexpression of PGC1α reveals a tendency towards increased risk of metastasis and reduced OS (163). Additionally, the expression of both PGC1α and PGC1β has allowed for the classification of ovarian cancer (OC) patients into distinct subgroups. Approximately 25% of studies tumors exhibits high expression of both genes (164), indicating the presence of an overactive mitochondrial gene program. These tumors demonstrates increased mitochondrial content, oxidative metabolism, and OXPHOS (164). Mechanistic studies have shed light on how the aberrant activation of PGC1α contributes to OC progression and therapeutic resistance. Recent studies have identified PGC1α as a critical driver of OC progression, particularly in high-grade serous OC (HGSOC), which exhibits metabolic heterogeneity (165–167). In OC, the high-OXPHOS state has been linked to chronic oxidative stress (165). This stress leads to the increased aggregation of PML nuclear bodies, which subsequently activates PGC1α through deacetylation. As a result, PGC1α induces the expression of electron transport chain (ETC) components, enhancing mitochondrial respiration in high-OXPHOS cancer cells. Knockdown of PGC1α reduces both ETC gene expression and oxygen consumption rate in these cells (165). Furthermore, PGC1α plays a pivotal role in mediating the response to conventional chemotherapies. PGC1α has been found to be a key regulator of reactive ROS production (165), which are crucial determinants of the apoptotic response to cisplatin in OC cells (168). Elevated expression or activity of PGC1α is correlated with enhanced chemosensitivity by promoting mitochondrial oxidative metabolism and respiration (165). Conversely, reducing PGC1α activity and levels decreases sensitivity to chemotherapy in OC.





PGC1α in nasopharyngeal carcinoma

There is increasing evidence that metabolic reprogramming driven by PGC1α promotes NPC progression and resistance to treatment. PGC1α has been found to be upregulated in NPC and its high expression has been associated with shorter OS after radiation therapy (169). PGC1α contributes to NPC cell survival by activating FAO pathways, which provide cells with ATP and the antioxidant NADPH. These metabolic alterations allow NPC cells to adapt and thrive under challenging conditions. PGC1α works in conjunction with the transcription factor CEBPB to enhance the expression of CPT1A, a gene involved in FAO, thereby sustaining this metabolic reprogramming (169). Consequently, these changes confer radioresistance to NPC cells (169). Furthermore, TGFβ1, a signaling molecule, can upregulate PGC1α and activate FAO to facilitate EMT and invasion of NPC cells. Specifically, TGFβ1 stimulates phosphorylation and expression of AMPKα1 (170), which, in turn, phosphorylates and activates PGC1α in NPC. This activation leads to transcriptional upregulation of FAO-related genes (170). Inhibiting PGC1α expression and components of the FAO pathway have been shown to reduce EMT, invasion, and metastasis of NPC both in vitro and in vivo.





PGC1α in breast cancer

Overall, PGC1α expression has been found to be reduced in breast tumor tissues compared to that in the normal breast epithelium (171, 172). This downregulation of PGC1α potentially facilitates the Warburg effect, in which cells increase their dependence on glycolysis and glucose uptake, while decreasing mitochondrial oxidative phosphorylation, even when oxygen is available (173). Such metabolic shifts enhance the proliferation and survival of cancer cells. A key mechanism that drives this shift is the regulation of mitochondrial deacetylase SIRT3 (171, 174). Although the exact cause of PGC1α’s downregulation in BC cells is yet to be fully elucidated, certain epigenetic modifications such as negative regulation by miR-485 and miR-217 have been proposed (175, 176). Interestingly, despite its general downregulation in breast tumors, the expression of PGC1α varies according to tumor subtypes and their metastatic tendencies. Specifically, HER2+ and triple-negative breast tumors (TNBT) express high levels of PGC1α (177, 178). Moreover, elevated expression of PGC1α has been detected in BC cells that predominantly metastasize to the lungs or bone, as opposed to the liver and brain (179). Similarly, circulating tumor cells (CTCs) released from BC in mice models and patients exhibit elevated PGC1α expression (180). Indeed, PGC1α knockdown in a metastatic cell line has been found to result in reduced CTC numbers and metastasis, whereas overexpression of PGC1α has been found to increase lung metastasis in vivo (179, 180). Interestingly, BC cells with low PGC1α levels possess increased metastatic ability when overexpressing PGC1α levels (180). It is worth noting that inhibiting mitochondrial respiration with biguanides in such cells is not found to mitigate PGC1α-induced metastasis (179), suggesting that the augmented metastatic phenotype is not simply attributed to the PGC1α-induced escalation in oxidative phosphorylation. Instead, PGC1α increases overall bioenergetic capacity and flexibility to facilitate metastasis, allowing cancer cells to cope with energy disruptors (179). In these conditions, the induced PGC1α ensures the metabolic demands of aggressive breast tumors.

Early research has also highlighted PGC1α’s involvement in the initiation of BC (181). In particular, its interaction with EglN2, an enzyme involved in the regulation of the hypoxia-inducible factor (HIF) pathway, appears to be central to the modulation of mitochondrial function and has been implicated in BC tumorigenesis (182, 183). In both normoxic and hypoxia conditions, EglN2 forms a complex with both PGC1α and NRF1, leading to the induction of FDXR. This maintains mitochondrial function and contributes to breast tumorigenesis in an HIF-independent manner (182). Importantly, in the absence of PGC1α, the effects of EglN2 overexpression on BC cells are blocked.

Furthermore, PGC1α’s metabolic regulatory functions in BC often operate in collaboration with other transcription factors like ERRα or p53. For instance, the interplay between PGC1α and ERRα governs a spectrum of metabolic genes (172), driving increased mitochondrial respiration, ATP production, and other processes that culminate in heightened tumor aggression and drug resistance in BC (177, 184, 185). In ERBB2+ cancer cells, PGC1α positively regulates glutamine metabolism in conjunction with ERRα (177). This regulation contributes to increased glutamine uptake, increased flux through the citric acid cycle (CAC), and enhanced lipogenesis from glutamine, particularly under hypoxic conditions (177). The AMPK orchestrates this energy-sensor axis of PGC1α/ERRα (186). When AMPK is activated, PGC1α/ERRα represses folate cycle and one-carbon metabolism, which are vital for sustaining cell growth in cancer cells. Consequently, repression increases the sensitivity to anti-folate therapy (186). It is well established that mutant p53 confers pro-tumorigenic functions in BCs. Notably, as a key downstream of p53, its function is differentially controlled by the codon 72 variant, highlighting the importance of PGC1α as a “gain-of-function” partner of mutant p53 (187).

From a therapeutic point of view, early studies have hinted at the potential benefits of targeting PGC1α in BC treatment. For instance, interventions with vascular endothelial growth factor receptor 2 (VEGFR2) blockade or the AMPK signaling activator, 5-aminoimidazole-4-carboxamide riboside (AICAR), have shown promising shifts in mitochondrial biogenesis and cancer cell behaviors by modulating PGC1α. One study shows that VEGFR2 blockade by Ki8751 leads to increased activity of PGC1α and thereby stimulates the expression of TFAM, which is essential for mitochondrial DNA transcription and replication (188). Subsequent metabolic reprogramming contributes to increased ROS production and apoptosis in BC cells treated with Ki8751 (188). Moreover, AICAR increases PGC1α expression in triple-negative BC (TNBC) cells (189), mediating mitochondrial biogenesis and contributing to a reduced pro-tumor phenotype and increased chemosensitivity (189). Compound 11, a novel inverse agonist targeting ERRα (190), disrupts ERRα binding to its coactivator PGC1α, with promising anti-tumor activity against triple-negative BC cells and tumors (190). The use of polyethylene glycol-modified graphene oxide (PEG-GO) also results in the selective suppression of PGC1α in cancer cells (191). The reduced ATP production impairs the assembly of the F-actin cytoskeleton and formation of lamellipodia, consequently inhibiting the migration and invasion of metastatic BC cells (191). Importantly, the induction of PGC1α guides drug resistance in the course of chemotherapy of BC (5). Endocrine-resistant BC cells have shown higher PGC1α expression than the parental sensitive lines. PGC1α sensitizes BC cells to low estrogen levels during estrogen deprivation therapy (192–194). This may be an early adaptive response to endocrine therapy that potentially contributes to the development of chemoresistance over time by allowing estrogen hypersensitivity (192). Therefore, inhibiting PGC1α with SR-18292 prevents the growth of therapy resistant cell lines in a dose-dependent manner, while re-expression of PGC1α increases the viability of resistant cells when treating with certain endocrine therapies, such as tamoxifen, fulvestrant, palbociclib, or aromatase inhibitors (193).






Implications of PGC1α in the tumor microenvironment

The tumor microenvironment (TME) is a complex and dynamic landscape where cancer cells interact with, including immune cells, fibroblasts, and the extracellular matrix. The role of PGC1α in the TME is pivotal yet underexplored. Its involvement goes beyond mere energy metabolism, extending to modulating immune responses and influencing tumor progression and therapy resistance.

Significant insights have been gathered from studies on T cells. Naive T cells normally have high levels of PGC1α, which support their metabolic demands for proliferation and effector functions through mitochondrial biogenesis and oxidative metabolism. However, during T-cell activation, PGC1α expression is progressively repressed (195, 196). Notably, one study observes that, although the mRNA expression of PGC1α in memory CD8+ T cells decreases upon activation, its protein expression increases (197). This suggests that specific post-translational mechanisms may regulate the stability of PGC1α in CD8+ T cells. In melanomas, tumor-infiltrating T cells have shown a loss of PGC1α level due to the chronic AKT signal activation (195). Additionally, exhausted T cells, experiencing continuous stimulation and hypoxia increase expression of Blimp-1, which further suppress PGC1α expression (196). This impairs their adaptive metabolic responses to hypoxia via mitochondrial biogenesis. Of note, overexpressing PGC1α in these cells enhances their persistence and recall responses, particularly improving the central memory T cell formation and sustained metabolic fitness upon re-exposure to infections (197). Interestingly, the co-stimulatory molecule 4-1BB, which is abundantly expressed in exhausted T cells, promotes mitochondrial biogenesis, fusion, and respiratory capacity (198–200). Costimulation with 4-1BB elevates PGC1α levels, mediating the metabolic effects of 4-1BB signaling (199). Without PGC1α, 4-1BB agonists are less effective at enhancing mitochondrial function and improving anti-tumor responses, or enhance adoptive T cell therapy (199). Thus, restoring the PGC1α expression in functional T cells could offer a strategy to reprogram metabolism in tumor-infiltrating T cells and boost their anti-tumor activity.

Research also shows that PPARγ is essential for maturation of alternatively activated macrophages, enabling monocytes to differentiate into M2 macrophages (201, 202). Indeed, the expression of PGC1α is elevated in these macrophages (203). In breast cancer, a reduced level of miR-382 maintains PGC1α expression in tumor-associated macrophages (203), facilitating the induction of the M2 type through the PPARγ signaling pathway. Fibroblasts also respond to regulation by PGC1α. A recent study found that knocking down PGC1α in normal human lung fibroblasts reduces mitochondrial mass and function (204). This alteration increases activation of matrix synthetic fibroblasts along with secretion of soluble profibrotic factors (204). In mouse models, the loss of PGC1α in induced mouse embryonic fibroblasts (iMEFs) leads to a more aggressive and metastatic melanoma phenotype (205). Similarly, lower PGC1α expression in cancer-associated fibroblasts (CAFs) of oral squamous cell carcinoma (OSCC) enhances the proangiogenic phenotype of CAFs through the PGC1α/PFKFB3 axis (206). Moreover, PGC1α impacts mesenchymal stromal cells (MSCs) (207). In melanoma, cancer cells attract MSCs to the tumor site and induce mitochondrial biogenesis by upregulating PGC1α (207). Furthermore, PGC1α controls mitochondrial transfer from MSCs to melanoma cells, thereby supporting melanoma growth (207).





Discussion

PGC1α is rapidly establishing itself as an indispensable regulator of cancer cell metabolism across numerous malignancies. In cancers, multiple mechanisms are involved in the abnormal expression of PGC1α, particularly in the transcriptional regulation. Therefore, based on the current research progress, we have summarized the relevant findings (Figure 2).




Figure 2 | Schematic overview of transcriptional regulation of PGC1a in cancers.



Although the expression and functions of PGC1α are context-dependent, it primarily serves as a pivotal orchestrator of mitochondrial biogenesis, oxidative metabolism, antioxidant defenses, and other cellular processes. When PGC1α expression is downregulated, the Warburg effect is facilitated, leading to disease advancement. Subsequent metabolic aberrations can be rectified by reinstating PGC1α levels. This may halt cell proliferation and invasion, and make cells more receptive to chemotherapy. In contrast, PGC1α upregulation promotes oxidative phosphorylation, allows cancer cells to adapt to stress, and promotes a more aggressive cancer phenotype. This duality in biological behavior shows PGC1α’s adaptability in aligning with various co-regulators and executing functions tailored to its environment. Thus, to target PGC1α effectively, understanding its nuanced role in each cancer subtype is indispensable.

Central to PGC1α’s operations is its position at the crossroads of several pivotal signaling pathways involved in cancer. It processes signals from the Wnt/β-catenin, TGF-β, AMPK, AKT, and p53 pathways to regulate downstream metabolic activities. By partnering with transcription factors like ERRα, NRF1, and YAP, PGC1α can drive specific changes in gene expression. Moreover, post-translational modifications such as phosphorylation and acetylation offer another layer of control over its activity. Decoding these intricate molecular ties is a critical step in comprehending PGC1α’s multifaceted functions and how they may go awry in cancer. An intriguing development is the increasing evidence of PGC1α’s profound effect on the tumor microenvironment, particularly its interaction with immune cells.

Strategic targeting of PGC1α in cancer therapy, therefore, requires a nuanced approach that considers its dual functionality. In cases where PGC1α functions as a tumor suppressor, its upregulation or enhanced activity can shift cancer cell metabolism away from the Warburg effect. This metabolic shift involves reducing glycolysis and increasing oxidative phosphorylation, which typically slows cancer progression and may make cancer cells more amenable to interventions that induce metabolic stress. Enhancing PGC1α’s expression could be achieved through gene therapy techniques, and small molecule activators. Conversely, in cancers where PGC1α contributes to a more aggressive phenotype, its function is linked to enhanced oxidative phosphorylation, supporting cancer cell adaptation to metabolic and oxidative stress. In such cases, inhibiting PGC1α might reduce the cancer cells’ ability to sustain high energy demands and resist hostile environments, such as those imposed by chemotherapy. This can be approached through the use of small molecule inhibitors that disrupt PGC1α’s interaction with its coactivators or transcription factors it regulates. Additionally, RNA interference technologies could selectively knock down PGC1α mRNA, diminishing its protein levels and thus its functionality in cancer cells. Both strategies—enhancing or inhibiting PGC1α—must consider the cancer type, the specific metabolic profile of the tumor, and the systemic implications of altering metabolic pathways. For instance, enhancing oxidative metabolism in non-tumor cells might also affect normal cells, leading to unintended consequences like increased reactive oxygen species. Similarly, inhibiting PGC1α in aggressive tumors must be carefully managed to avoid crippling normal cells’ ability to manage oxidative stress. Effective therapeutic strategies should aim to disrupt this metabolic adaptability by targeting PGC1α along with its regulatory network to block compensatory pathways that facilitate resistance to therapy. Furthermore, PGC1α’s impact on the tumor microenvironment, particularly through its influence on the metabolic states of T cells and macrophages, is gaining attention. By modulating immune cell metabolism, PGC1α could potentially alter the immunological landscape of tumors, reducing immune suppression and enhancing the efficacy of immunotherapies. This understanding suggests that strategies which leverage PGC1α’s role in the tumor microenvironment could complement direct targeting approaches, creating a multifaceted attack on tumor growth.

In summary, PGC1α’s multifaceted roles in cancer metabolism indicate that it is a promising therapeutic target for cancer. Developing drugs that can specifically modulate PGC1α’s activity, tailored to the unique metabolic profiles of different cancer types, represents a promising approach in oncology. By doing these, we are now on the brink of translating our understanding of this metabolic mediator into its clinical benefits against cancer.
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Background

Erythropoietin-producing human hepatocellular (Eph) receptors stand out as the most expansive group of receptor tyrosine kinases (RTKs). Accumulating evidence suggests that within this expansive family, the EphA subset is implicated in driving cancer cell progression, proliferation, invasion, and metastasis, making it a promising target for anticancer treatment. Nonetheless, the extent of EphA family involvement across diverse cancers, along with its intricate interplay with immunity and the tumor microenvironment (TME), remains to be fully illuminated.





Methods

The relationships between EphA gene expression and patient survival, immunological subtypes, and TME characteristics were investigated based on The Cancer Genome Atlas (TCGA) database. The analyses employed various R packages.





Results

A significant difference in expression was identified for most EphA genes when comparing cancer tissues and non-cancer tissues. These genes independently functioned as prognostic factors spanning multiple cancer types. Moreover, a significant correlation surfaced between EphA gene expression and immune subtypes, except for EphA5, EphA6, and EphA8. EphA3 independently influenced the prognosis of papillary renal cell carcinoma (KIRP). This particular gene exhibited links with immune infiltration subtypes and clinicopathologic parameters, holding promise as a valuable biomarker for predicting prognosis and responsiveness to immunotherapy in patients with KIRP.





Conclusion

By meticulously scrutinizing the panorama of EphA genes in a spectrum of cancers, this study supplemented a complete map of the effect of EphA family in Pan-cancer and suggested that EphA family may be a potential target for cancer therapy.





Keywords: Erythropoietin-producing human hepatocellular (Eph) receptors, pancancer, tumor microenvironment (TME), papillary renal cell carcinoma (KIRP), therapeutic targets, bioinformatics





Introduction

Globally, the incidence and mortality of cancer are steadily rising on an annual basis (1). With the development of radiotherapy, chemotherapy, targeted therapy and immunotherapy, continuous endeavors are made to improve our comprehension of the intricate pathogenesis of tumors and elevate the standard of treatment (2). Nevertheless, further research is required to substantiate the efficacy of immunotherapy in various types of cancer (3). Pan-cancer analysis might help us unearth valuable factors in diagnosis, prognosis, and immunotherapy by analyzing genes in a wide variety of cancers and evaluating the similarities and variances in gene expression (4).

Erythropoietin-producing hepatocellular receptors (Ephs) constitute a significant subset within the realm of receptor tyrosine kinases (RTKs). Ephs can be classified into two distinct subfamilies, namely EphA and EphB, a differentiation primarily grounded in their structural attributes and the strength of their binding affinity with specific ligands known as ephrins. The EphA subfamily is comprised of nine individual members, namely EphA1, EphA2, EphA3, EphA4, EphA5, EphA6, EphA7, EphA8, and EphA10. These receptors assume critical roles not only in the regular progression of cell development but also in the advancement of various cancer types (5, 6), such as colorectal cancer (7), lung cancer (8), gastric cancer (9), hepatocellular carcinoma (10), and breast cancer (11).

The EphA family has long been identified as tumor neoantigens, regulating tumor cell stemness, invasion, and angiogenesis, and garnered considerable attention due to its potential as a target for anticancer therapies (12–14). Emerging evidence now also indicates they likely impact the tumor immune microenvironment, an area in which Eph receptors remain understudied (15). Considering that immune-checkpoint inhibitors have shown clinical success, albeit in a small percentage of patients, further research into EphA’s functions in controlling cancer immune-suppression is essential for comprehending and creating new targets against tumor immune evasion. So far there is no report on systematic analysis of EphA members from the perspective of pan-caner. Therefore, there is an evident need for performing pan-cancer analysis to achieve a comprehensive grasp of EphAs’ functionality and their role in tumor immune microenvironment. Such an understanding is essential to maximize the effectiveness of anticancer treatments that are directed toward EphA receptors.

In light of this, we provide a study about the complete spectrum of EphA’s activities and patterns of expression. The current study undertook a meticulous analysis of the expression profiles exhibited by all members of the EphA family across a diverse array of cancer types. This analysis leveraged data from TCGA databases to shed light on potential biological functions and shared characteristics of these receptors. Additionally, we delved into EphA’s impact on immune infiltration across a pan-cancer context, accompanied by an examination of individual cancer types.





Materials and methods




Data source

The RNA sequencing (RNA-seq) data (HTSeq-FPKM), along with corresponding clinical data and immune subtypes, were acquired from UCSC Xena (https://xena.ucsc.edu/, originated from TCGA database) (16).





Expression analysis

The expression patterns of EphA genes in TCGA tumors were depicted through a boxplot graph. Subsequently, heatmaps were generated for 18 distinct tumor types, employing log2 (fold change) values to highlight discrepancies in EphA gene expression between primary tumors and adjacent normal tissues. Additionally, Spearman’s correlation test was employed to compute gene expression correlations among EphA members across 33 cancer types. To scrutinize the differential expression of EphA family genes across diverse cancer types, the “Wil-cox. test” was applied. For graphical representation, we utilized the “ggpubr” and “pheatmap” R packages to craft a box plot and a heatmap, respectively. The exploration of correlations within the EphA family genes involved the utilization of the “corrplot” R package.





Survival analysis

We conducted univariate Cox regression and Kaplan-Meier (KM) analyses, facilitated by the “survminer” and “survival” R packages, to evaluate the influence of EphA on the survival outcomes associated with various cancers. Furthermore, the Cox proportional hazard model was applied to assess the connection between EphA gene expression and the prognosis of diverse cancer types. The “survival” and “forest plot” packages enabled the creation of a forest plot to visually present the results.





Association of EphA expression with immune cell infiltration

We gauged the extent of immune and stromal cell infiltration across diverse cancers using immune scores and stromal scores metrics from ESTIMATE (17). The relationship between these scores and EphA expression was assessed using the Spearman Correlation Coefficient. Additionally, six distinct immune subtypes were delineated to quantify immune infiltration in the tumor microenvironment (TME) (18). Employing Analysis of Variance (ANOVA), we examined the link between immune infiltration types and SEMA3 expression within the TME based on immune subtypes acquired from TCGA pan-cancer data.

The Tumor Immune Estimation Resource(TIMER, https://cistrome.shinyapps.io/timer/) was developed for quantifying immune cell infiltration across 10,897 cancer samples from TCGA (19, 20). Leveraging TIMER gene modules, we analyzed EphA expression across diverse cancer types and explored its relationship with immune cell infiltration levels. Furthermore, correlation modules were utilized to examine the connections between EphA expression and gene biomarkers linked to tumor-infiltrating immune cells, utilizing established gene biomarkers (21, 22).





Patients and tissues

KIRP tumor and adjacent normal kidney specimens were analyzed from a total of 157 patients with KIRP as part of a study approved by Tianjin Medical University Cancer Institute and Hospital. All patients were treated with radical or partial nephrectomy and rendered disease-free.





Immunohistochemistry

Immunohistochemical staining was performed on the sections from surgical specimens fixed in 10% formalin and embedded in paraffin according to a standard method (23). Briefly, tissue sections were incubated with anti-EphA3 antibody (ab126261, Abcam; 1: 50 dilution) overnight at 4°C, and then incubated with secondary antibody (ab207995, Abcam; 1:100 dilution) followed by avidin-biotin peroxidase complex (DAKO) at room temperature for 30min. Finally, color development was performed with 3, 3′-diaminobenzidine. The immunostained slides were evaluated separately by two pathologists. The intensity of antibody staining was used to semiquantitatively quantify the expression of EphA3 in cancer cells. Staining intensity was categorized as follows: absent staining as 0, weak as 1, moderate as 2, and strong as 3.





Statistical analysis

Statistical analyses were conducted using R 4.0.2 (https://www.r-project.org/). A linear mixed-effect model was employed to compare gene expression patterns between tumor and normal samples. Boxplots were utilized to illustrate gene expression variation across different cancer types. Univariate and multivariate Cox regression or Log-rank test were used to examine the relationship between gene expression and overall survival (OS) of patients. The correlation between gene expression and stemness scores, stromal scores, immune scores, and estimate scores was assessed using Spearman or Pearson correlation methods.






Results




Expression of EphA genes in pan-cancer

The levels of EphA mRNA were assessed across 33 cancer types using data sourced from UCSC Xena, aiming to uncover the diversity inherent within the EphA family. The results revealed prominent high expression levels for most EphA genes in multiple cancer types. However, this trend was not mirrored by three genes: EphA5, EphA6, and EphA8, which exhibited relatively diminished expression levels (Figure 1A). When examining individual EphA genes like EphA2 and EphA10, significant up-regulation was observed in cases of esophageal carcinoma (ESCA) and cholangiocarcinoma (CHOL). Conversely, EphA2 and EphA10 displayed a down-regulation in kidney chromophobe (KICH) and glioblastoma multiforme (GBM) (Figure 1B). Particularly noteworthy was the correlation analysis that pinpointed the strongest pairwise correlation between EphA1 and EphA2 among the nine genes (Correlation coefficient =0.47). This finding implied potential shared characteristics or functions between these two genes. In contrast, EphA1 and EphA5 demonstrated a distinct negative correlation (Correlation coefficient =−0.36, Figure 1C), suggesting intricate co-expression interactions involving numerous EphA genes across diverse cancer types.




Figure 1 | Our investigation delved into the expression of EphA genes across 33 cancer types utilizing the TCGA database. The outcomes unveiled a consistent up-regulation in the expression of EphA1, EphA2, EphA3, EphA4, EphA7, and EphA10 within cancerous tissues (A). A deeper analysis highlighted intriguing dynamics, where specific EphA genes, namely EphA2 and EphA10 displayed overexpression in ESCA and CHOL, while EphA2 and EphA10 exhibited substantial down-regulation in KICH and GBM (B). EphA1 and EphA2 emerged as the genes exhibiting the most robust positive correlation (Correlation coefficient =0.47). Conversely, EphA1 and EphA5 stood out as the two genes displaying the most prominent negative correlation (Correlation coefficient = -0.36, C).



On closer inspection, it became evident that nearly all EphA genes exhibited discernible disparities in expression between cancerous tissue samples and their normal counterparts (Figure 2). Moreover, significant differences in expression emerged across the spectrum of different cancer types.




Figure 2 | The visualizations derived from the TCGA database captured the expression patterns of EphA genes in diverse cancers. The EphA family genes include (A) EphA1; (B) EphA2; (C) EphA3; (D) EphA4; (E) EphA5; (F) EphA6; (G) EphA7; (H) EphA8; (I) EphA10. The outcomes consistently demonstrated distinct variations in the expression of EphA genes between cancerous tissues and their normal counterparts. *P < 0.05, **P < 0.01, ***P < 0.001.







Prognostic value of EphA genes in pan-cancer

To deeply delve into the prognostic implications of EphA family genes, we examined the impact of the expression level of each gene on the prognosis of patients with specific cancers (Supplementary Figure 1). Through the application of the Cox proportional hazard model, the prognostic value of the nine EphA genes was evaluated across pan-cancer scenarios (Figure 3, Supplementary Table 1). The findings underscored a connection between EphA gene expression levels and the OS of patients, albeit with nuanced ramifications contingent on the specific cancer types. For example, heightened EphA5 expression correlated with an unfavorable prognosis of papillary renal cell carcinoma (KIRP) and uveal melanoma (UVM), whereas predicting improved survival in pancreatic adenocarcinoma (PAAD). Similarly, elevated EphA2 expression indicated a poor prognosis for patients with colon adenocarcinoma (COAD), diffuse large B-cell lymphoma (DLBC), low-grade glioma (LGG), and pancreatic adenocarcinoma (PAAD), yet correlated with higher survival rates in those with kidney chromophobe (KICH) and pheochromocytoma and paraganglioma (PCPG). Importantly, EphA genes emerged as independent prognostic markers for several distinct cancer types.




Figure 3 | By applying COX analysis, we synthesized the prognosis risks associated with the nine genes across a pan-cancer context. The data underscored that EphA genes wielded the status of independent prognostic factors in various cancer types.







Association of EphA genes with immune response and tumor microenvironment

EphA genes occupy a critical position within the immune system due to their intricate involvement in the development, mobilization, and activation of both innate and adaptive immune cells (15, 24). Within the context of human malignancies, six distinct types of immune infiltration which were defined as the relative abundance of a set of immune cell populations, ranging from tumor promoting to tumor inhibiting, namely C1 (wound healing), C2 (INF-r dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet), and C6 (TGFβ dominant) (18). In the scope of our investigation, we conducted a thorough examination of immune infiltration patterns across the TCGA pan-cancer dataset, aligning them with the expression profiles of EphA genes (Figure 4A). Remarkably, the data illuminated connections between the expression levels of EphA genes and diverse categories of immune infiltration, except for EphA5, EphA6, and EphA8. Notably, EphA1 and EphA2 exhibited heightened expression in the C1 and C2 subtypes, indicating a plausible involvement in tumor promotion. This assumption found support in the observation of poorer survival rates among patients exhibiting these types of immune infiltration (C1 and C2). In contrast, EphA6 and EphA10 displayed elevated expression in the C3 and C5 subtypes, suggesting a potential tumor-suppressive effect. Nevertheless, it’s important to highlight that these correlations contradicted the roles of certain EphA members as promoters of cancer, which in some cases translated to diminished survival rates. A case in point was the poor prognosis linked to heightened EphA6 expression in UCEC (Supplementary Figure 1). These conflicting outcomes can potentially be attributed to the intricate biological diversity and multifaceted molecular interactions inherent to the progression of tumors. The implications of EphAs on the immune dynamics of the TME hold the promise of guiding novel pathways for the development of treatment strategies.




Figure 4 | We investigated the correlation between EphA expression and immune infiltration across the pan-cancer landscape. The results depicted the significant roles played by all EphA genes within the TME (A). Additionally, we harnessed the ESTIMATE algorithm to assess the stromal and immune scores attributed to EphA genes (B, C). ***P < 0.001.



Furthermore, we delved into the stromal and immune scores indicative of tumor growth and metastatic potential. Leveraging the ESTIMATE algorithm, EphA genes were subjected to a comprehensive analysis involving these scores (Figures 4B, C). EphA genes with high stromal scores suggested heightened complexity within the TME, possibly intensifying tumor malignancy. An illustration of this was found in the close association between EphA3 expression and elevated stromal score across diverse cancers, whereas EphA10 expression demonstrated an inverse pattern. The associations between distinct gene expression levels within the EphA family and the estimated scores across various tumors underscored the diverse impacts that these genes might exert on the TME.





Role of EphA genes in KIRP

Renal carcinoma ranks as the 13th most prevalent cancer worldwide, with an escalating incidence rate (25). Papillary renal cell carcinoma (KIRP), constituting 10% to 15% of kidney cancer cases, stands as the second most common subtype (26). In the metastatic context, the prognosis for KIRP patients remains bleak due to the absence of effective therapeutic options (27). The optimal treatment strategy for advanced KIRP continues to be a subject of debate. Nonetheless, recent clinical studies have unveiled promising outcomes for both molecularly targeted therapies and immunotherapy within this subtype (28). Given the elevated risk association of most EphA genes with poor survival in KIRP patients, our research expanded to explore the interplay between EphA genes, diverse immune subtypes, stem cells, and the TME in KIRP. The connection between EphA gene expression and distinct immune subtypes in KIRP echoed the patterns observed across all 33 TCGA cancer types. Of particular note, EphA1, EphA 2, EphA 3, and EphA 7 exhibited significant associations with immune infiltration profiles in KIRP (Figure 5A). Subsequently, we delved into the correlation between EphA expression and stromal score, revealing positive associations for EphA3 and EphA6 (P < 0.05) in KIRP, in which EphA3 demonstrated the most robust correlation (r =0.49) (Figure 5B). On the other hand, EphA2, EphA4, EphA5, EphA7 EphA 8, and EphA 10 did not display significant correlations with stromal scores, implying their potential origin from the tissue stroma in KIRP. Moreover, EphA3 exhibited correlations with the immune score, a metric assessing the presence of infiltrating immune cells (P = 0.0011) and tumor purity (Estimate score) (P < 0.0001).




Figure 5 | We delved into EphA’s impact on immune infiltration through an examination of individual cancer types. The outcomes of our investigation demonstrated significant differences in immune subtypes among EphA genes in KIRP (A). Subsequently, we investigated immune infiltration in KIRP to evaluate the effects of these genes (B). We also found that EphA3 expression displayed correlations with immune cell infiltration specific to KIRP (C, D). Further, EphA3 was found to be up-regulated in advanced-stage KIRP samples analyzed by TCGA datasets (E). Finally, we evaluated the correlation between EphA3 expression and clinicopatho-logical parameters in KIRP by immunohistochemistry (F). The pictures showed the different degrees of staining of EphA3 in KIRP:(up) strong EphA3 expression in KIRP; (center) moderate EphA3 expression in KIRP; and (down) weak EphA3 expression in KIRP (Magnification x400). **P < 0.01, ***P < 0.001.



Upon a deeper exploration of EphA3’s role, pronounced connections surfaced between EphA3 expression and various immune cell types, such as CD4+ T cells (R =0.171, P =5.79E-03), CD8+ T cells (R =0.236, P =1.32E-04), B cells (R =0.221, P =3.60E-04), dendritic cells (R =0.295, P =1.62E-06), and neutrophils (R =0.215, P =4.94E-04). However, these correlations were notably absent for tumor purity (R=-0.014, P=8.21E-01) and macrophages (R =-0.049, P =4.42E-01) (Figure 5C). Leveraging the TIMER database, the Kaplan-Meier curves highlighted a substantial linkage between KIRP patients survival and EphA3 expression (P =0.001), as well as the infiltration of CD8+ T cells (P =0.024) and B cells (P =0.035) (Figure 5D). Overall, our findings underscore the potential role of EphA3 in governing immune cell infiltration in KIRP. Alongside B cell and CD8+ T cell infiltration, EphA3 emerges as a pivotal modulator influencing clinical outcomes for KIRP patients.

Further delving into the connection between EphA3 expression and immune cell infiltration, we uncovered EphA3’s association with markers of various immune cell types, including B cells (CD19 and CD79A), monocytes (CD86 and CD115), M1 macrophages (INOS, IRF5, and COX2), Th2 cells (GATA3 and IL13), and Treg cells (FOXP3, CCR8, STAT5B, and TGFb) (Table 1). This revelation suggested that EphA3 may play a regulatory role as an immunomodulator in the renal cancer microenvironment.


Table 1 | Correlations between EphA3 expression and related gene markers in KIRP.







The relationship between EphA3 protein expression and clinicopathologic parameters in KIRP

EphA3 was found to be up-regulated in advanced-stage KIRP samples analyzed by TCGA datasets (HR =0.228, P <0.001, Figure 5E). To further elucidate the association between EphA3 expression and KIRP, differences in the level of EphA3 protein expression between cancer cells and adjacent normal cells were compared in KIRP tissue specimens by immunohistochemistry. The high and low groups were defined based on the median EphA3 expression (Figure 5F). The result showed that the expression of EphA3 protein was significantly associated with metastases (TNM) stage (P =0.0017), tumor diameter (P <0.0001), and age (P =0.0030). No significant association between the expression of EphA3 and sex (P =0.8635) was found (Table 2).


Table 2 | Expression of EphA3 protein in KIRP and the association with clinicopathologic parameters.








Discussion

This study offered an extensive pan-cancer analysis of EphA genes spanning 33 distinct cancer types using independent datasets from TCGA. The results emphasize the marked elevation in expression for the majority of EphA genes among cancer patients, except for EphA5, EphA6, and EphA8. Further, a thorough investigation into the association between the OS of patients and EphA expression levels was conducted. It was revealed that most of these genes hold prognostic significance within varied cancer types, often exerting bidirectional effects. EphA2, for example, correlated with a poor prognosis in COAD, DLBC, LGG, or PAAD cases, while heralding improved survival for patients with KICH and PCPG.

The TME stands as a pivotal determinant in tumorigenesis and tumor growth, offering a conducive setting for tumor proliferation and the dampening of immune responses (29, 30). Ephs and their corresponding ephrin ligands orchestrate intricate cell interactions during cellular growth processes, extending their influence to malignancies and the TME, thereby promoting cancer invasion, metastasis, and angiogenesis (24, 31). Prior studies have investigated six distinct types of immune infiltration (C1–C6) that may impact the proliferation of tumor cells in cancer patients (18). Three scenarios of immune infiltration integrated, respectively, by poor cytotoxicity(C1–C2), intermediate cytotoxicity (C3–C4), and high cytotoxicity(C5–C6). Tumors with highly cytotoxic immunophenotype would be partially repressed by the immune system, resulting in less frequent progression to more advanced stages. Our findings consistently point towards robust connections between most members of the EphA gene family and infiltration within the TME. Particularly notable are the correlations of EphA1 and EphA2 with more aggressive subtypes of immune infiltration subtypes (C1 and C2), indicative of a poorer prognosis. Employing the ESTIMATE method, we further unearthed associations between EphA genes and infiltration of stromal and immune cells. This observation aligns with previous studies highlighting the role of EphA as an immunomodulator and pro-inflammatory factor (24, 32–34). These genes, thus, emerge as prospective candidates for treatment targets or predictive markers for the effectiveness of immune checkpoint modulators in cancer patients.

EphA’s role exhibits divergence, potentially acting as either tumor-suppressive or tumor-promoting within the same tumor origin. For instance, the correlation pattern of these genes with immune infiltration subtypes in KIRP presented a parallel trend, with EphA3 demonstrating elevated expression in C1 and C2, thus implying a tumor-promoting function. Intriguingly, EphA3 demonstrated a robust correlation with stromal scores (r =0.49) in KIRP. Though these findings imply EphA3 is a promising target for anticancer treatment, further experimental validation is necessitated.

Elevated EphA3 expression is linked to poor prognosis in several malignancies including gastric cancer (35), colorectal cancer (36), and hepatocellular carcinoma (37). The study by Wang et al. suggested EphA3’s tumor-suppressive role in kidney renal clear cell carcinoma (KIRC) (38). To date, there has been little published research investigating EphA3’s role in the prognosis or therapeutic potential of KIRP. In our study, differential gene expression analysis accentuated significant down-regulation of EphA3 in KIRP samples compared to normal kidney samples (Figure 2). However, heightened EphA3 expression emerges as a risk factor for a poor prognosis in KIRP patients (Figure 3). This conflicting result adds complexity to our comprehension of EphA3’s contribution to KIRP initiation and development. To deepen our under-standing, we analyzed the correlation between EphA3 and clinical stages using the sequencing data and clinical information from the TCGA database. The results reveal that EphA3 was up-regulated in advanced-stage KIRP samples (Figure 5E). Notably, further analysis of clinical samples showed that overexpression of EphA3 was associated with tumor diameter (P <0.0001) and TNM stage (P =0.0017) (Table 2).

EphA3 is the first receptor with dual significance, being recognized as a tumor antigen in lymphoblastic leukemia cells and, independently, in melanoma cells from a patient with an EphA3-reactive T cell immunological response (39). Recently, advancements have further illuminated the role of EphA3 as a binding partner to PD-L1, discovered during an extensive search for transmembrane receptors engaged with immunoglobulin superfamily members. The connection between EphA3/PD-L1 co-expression and overall PD-L1 expression is intricately linked to a CD8 T effector cell signature in urothelial carcinoma tissues, as unveiled through gene expression analyses (31).To delve deeper into the significance of EphA3 in KIRP, an exploration was undertaken using the TIMER databases to uncover its correlations with B cells, CD8+ T cells, CD4+ T cells, and neutrophil infiltration. The results established the affiliation of EphA3 expression with markers of B cells (CD19 and CD79A), monocytes (CD86 and CD115), M1 macrophages (INOS, IRF5, and COX2), Th2 cells (GATA3 and IL13), and Treg cells (FOXP3, CCR8, STAT5B, and TGFb) (Table 1). These insights further accentuate the alignment of EphA3 expression with immune infiltration in KIRP, validating its role as a modulator of immune evasion within the renal cancer microenvironment.

In summary, our findings cast light on the multifaceted contributions of EphA to immune response and the complex landscape of the TME, which is essential for promoting personalized anticancer treatments. A groundbreaking assertion is made that elevated EphA3 expression independently heightens the risk of poor prognosis in KIRP patients, while concurrently functioning as a regulator of the immune microenvironment as well as a viable biomarker for prognostic evaluation and the assessment of immunotherapy response in patients with kidney cancer.

It’s imperative to acknowledge that the study carries certain limitations. First of all, the analysis of EphA genes leaned heavily on bioinformatics perspectives, lacking the validation provided by in-vivo or in-vitro experiments. More studies focusing on molecular and cellular basis are needed to facilitate high-throughput data analysis. Additionally, the inclusion of extensive data from diverse databases is essential to mitigate any potential information bias. Prospective studies investigating EphA gene expression in the context of immune cells across a wide range of cancers hold the potential to unveil novel insights, thereby opening new avenues for exploration in this intriguing domain.





Conclusion

In theory, it may be possible to enhance tumorimmune therapy by modifying EphA activity. However, how EphA controls tumor immunity is still largely a mystery. On the one hand, a large number of research papers evaluating the role of Eph receptors in immune responses have not yet been applied to cancer models. On the other hand, EphA receptor kinase inhibitors have been developed, but it remains unclear how they effect on the immune system. In summary, despite a great deal of research on Eph receptors in immunology and cancer biology, this family stands mostly understudied in the context of tumor immunity. Here, we delve deeply into the multifarious roles played by EphA genes play in the initiation and progression of diverse cancers, alongside their associations with patient prognosis and immune response. This gap in our current knowledge identifies a distinct opportunity for new discoveries that may advance our understanding of the tumor microenvironment and pave the way for novel immunotherapeutic targets.
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Objective

The escape from T cell-mediated immune surveillance is an important cause of death for patients with acute myeloid leukemia (AML). This study aims to identify clonal heterogeneity in leukemia progenitor cells and explore molecular or signaling pathways associated with AML immune escape.





Methods

Single-cell RNA sequencing (scRNA-seq) was performed to identified AML-related cellular subsets, and intercellular communication was analyzed to investigate molecular mechanisms associated with AML immune escape. Bulk RNA sequencing (RNA-seq) was performed to screen differentially expressed genes (DEGs) related to hematopoietic stem cell progenitors (HSC-Prog) in AML, and critical ore signaling pathways and hub genes were found by Gene Set Enrichment Analysis (GSEA), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. The mRNA level of the hub gene was verified using quantitative real-time PCR (qRT-PCR) and the protein level of human leukocyte antigen A (HLA-A) using enzyme-linked immuno sorbent assay (ELISA).





Results

scRNA-seq analysis revealed a large heterogeneity of HSC-Prog across samples, and the intercellular communication analysis indicated a strong association between HSC-Prog and CD8+-T cells, and HSC-Prog also had an association with HLA-A. Transcriptome analysis identified 1748 DEGs, enrichment analysis results showed that non-classical wnt signaling pathway was associated with AML, and 4 pathway-related genes (RHOA, RYK, CSNK1D, NLK) were obtained. After qRT-PCR and ELISA validation, hub genes and HLA-A were found to be down-regulated in AML and up-regulated after activation of the non-classical Wnt signaling pathway.





Conclusion

In this study, clonal heterogeneity of HSC-Prog cells in AML was identified, non-classical wnt signaling pathways associated with AML were identified, and it was verified that HLA-A could be upregulated by activation of non-classical wnt signaling, thereby increasing antigen presentation.
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1 Introduction

Acute myeloid leukemia (AML) is a hematologic malignancy that results from uncontrolled proliferation of hematopoietic stem cells (1). The vast majority of AML patients are elderly, with nearly a quarter of the remaining patients in children, and the 5-year overall survival, though better in pediatric patients under 5 years of age than in elderly patients, is generally low (2). Abnormal accumulation of immature myeloid cells in the patient’s bone marrow and peripheral blood is detected as the most visual clinical manifestation for the diagnosis of AML (3). However, the excessive accumulation of immature myeloid cells directly leads to bone marrow failure and peripheral blood involvement, resulting in patient death (4).

Studies have confirmed that cytogenetic variants are associated with AML pathogenesis. After delving into the genetic mechanisms, researchers have gained a deeper understanding of the histopathology, immunophenotype, and clinical heterogeneity of AML. Genetic variants that occur frequently in AML have been found to predict better disease remission and prognostic survival (5). Aberrant gene expression has revealed genetic heterogeneity in AML and is expected to be a valid biomarker for disease diagnosis and treatment (6). However, although AML is one of the malignancies with the lowest mutational burden, there are several common mutations or translocations producing immunogenic proteins that can drive malignant phenotypes (7). These mechanisms can often change the immune microenvironment in AML, and contribute to tumor immune escape. It has been reported that hematopoietic stem cell progenitor cells (HSC-Prog) present antigens via HLA molecules to promote T cell-specific recognition, thus forming an immune surveillance mechanism to prevent AML onset. However, cancer cells can drive cancer malignancy by altering the expression of antigen-presenting molecules or cytokines to reduce activation of T cells, thereby preventing harmful signals from being recognized and cleared (8). Studies have shown that activation of the classical wnt signaling pathway is related to HLA downregulation, which can lead to poor tumor antigen presentation and immune escape (9). Wnt signaling pathways are generally classified as β-Catenin-dependent (classical) and β-Catenin-independent (non-classical), which interact to maintain proliferation and developmental homeostasis of hematopoietic stem cells. The abnormal activation of Wnt/β-catenin signaling pathway is an important reason for the accumulation of leukemia stem cells, which can cause and promote AML. The non-classical Wnt signaling pathway protein (wnt5a) acts as a tumor suppressor to prevent malignant proliferation of hematopoietic stem cells (10–12). Therefore, this study will explore the relationship between non-classical wnt signaling pathways and HLA in AML.

Healthy hematopoietic stem cells (HSCs) have the ability to differentiate into bloodstream and immune cell lineages, but this ability is inhibited upon the occurrence of AML, resulting in abnormal proliferation of HSCs or HSC-Prog (13). Therefore, it is necessary to understand the differentiation direction and proliferation status of HSCs or HSC-Prog in AML. Using scRNA-seq method to analyze the cell hierarchy of bone marrow samples has become a new way to investigate the heterogeneity of AML cell clones recently (14). A report by Beneyto-Calabuig S et al. has used scRNA-seq to reveal the differentiation landscape of HSCs in AML and showed that patients were unable to produce sufficient numbers of healthy mature leukocytes due to the differentiation blockage of leukemia progenitor cells (15). In this study, referring to the recently published literature (16), scRNA-seq was performed to analyze the immune microenvironment of peripheral blood mononuclear cells (PBMCs) and identify the molecular mechanisms associated with clonal heterogeneity of leukemia progenitor cells, providing a new direction for immunotherapy in AML patients with genetic abnormalities.




2 Materials and methods



2.1 Data sources

The GSE235857 dataset was obtained from the Gene Expression Omnibus (GEO), and scRNA-seq was performed to analyze the collected PBMCs from AML patients or healthy donors, including 6 healthy samples (HL2-7: GSM7510825, GSM7510826, GSM7510827, GSM7510828, GSM7510829, and GSM7510830) and 6 AML samples (AML1-3, AML3B, and AML4-5: GSM7510831, GSM7510832, GSM7510833, GSM7510834, GSM7510835, and GSM7510836). Protein expression data of HLA-A in single cells were acquired from the Human Protein Atlas (https://www.proteinatlas.org/).




2.2 ScRNA-seq data analysis

The scRNA-seq datasets of 12 cases in GSE235857 were preprocessed using the Seurat (v4.3.0.1), and the single-cell datasets were debatched using the Harmony after merging the scRNA-seq datasets of 6 healthy samples and 6 AML samples. Following the normalization of the data, genes with highly variable expression from cell to cell were identified. The principal components (PCs) were subsequently calculated using the RunPCA in Seurat, and then corrected for batch effect using Harmony. The neighboring cells in the top 30 PCs were determined using the FindNeighbors function, grouped using the FindClusters function, and visualized using Uniform Manifold Approximation and Projection (UMAP). Cell types were identified based on the marker genes used for cell annotations collected from the CellMarker 2.0 database. The CellChat was used to infer the relations between ligand-receptor interactions and Intercellular communication.




2.3 Differential expression genes analysis

The Findmarker function was utilized to analyze the differences between the sample GSM7510831 (AML1) with the largest proportion of HSC-Prog and other samples (11 cases except GSM7510831). |Fold Change| > 1.2 and P < 0.05 were set as the threshold, and those meeting the conditions were defined as DEGs.




2.4 Gene set enrichment analysis

GSEA was performed to analyze pathways enriched by DEGs between GSM7510831 and other samples. The hub genes of critical pathway were selected for GO and KEGG enrichment analysis. A pathway of P<0.05 was significant.




2.5 Cell culture

MOLM-13 human AML cells (CL-0681), HL-60 cells (CL-0110), THP-1 cells (CL-0233) and human bone marrow HSC (CP-H262) were purchased from Procell Life Science &Technology Co., Ltd., Wuhan, China. According to the manufacturer’s instructions, MOLM-13 human AML cells (AML group) were cultured in medium containing RPMI-1640 + 10% FBS+1% P/S, and human bone marrow HSC (HL group) was cultured in human bone marrow hematopoietic stem cell complete medium (Procell, CM-H262) at 37°C in an atmosphere of 5% CO2. In addition, MOLM-13 human AML cells were treated with Wnt5a agonists (Foxy-5, HY-P1416, MCE) or inhibitors (Box5, HY-123071, MCE), respectively, and placed in medium culture for follow-up experiments.




2.6 Quantitative real-time PCR

Total RNA was extracted using Trizol reagent, according to the manufacturer’s instructions. RNA was reverse transcribed to cDNA and subsequently qRT-PCR was performed on the Applied Biosystems 7500 Fast Real-Time PCR System. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control gene. The primer sequences used were shown in Table 1.


Table 1 | qRT-PCR primers.






2.7 Enzyme-linked immuno sorbent assay

Protein levels of Anti-HLA Class I antibodies (abcam, ab23755) were measured using an ELISA kit that can be used to detect antigenic determinants shared by HLA-A, B, and C. The processed cells were collected, and the supernatant was taken after centrifugation, followed by the addition of biotin-labeled antibody. The horseradish peroxide conjugate was then added and incubated at 37°C for 30 min. The optical density (OD) value was measured at 450 nm with an enzyme marker to calculate the sample concentration.




2.8 Statistical analysis

All analyses in this study were calculated using Graphpad Prism and data were expressed as mean ± standard deviation (SD). Unpaired t-tests were used to calculate significant differences between the two groups. P<0.05 was statistically significant.





3 Results



3.1 AML cell data pre-processing

Ineligible cells in the GSE235857 dataset were filtered out, obtaining 91,772 cells and 22,032 genes (Figures 1A, B). The data were then standardized to obtain 2000 highly variable genes (Figure 1C). All samples and genes were processed with principal component analysis (PCA), and the top 30 PCs were selected for subsequent analysis (Figure 1D).




Figure 1 | Cell quality control and classification. (A) Identification of 91772 cells and 22032 genes after quality control analysis of scRNA-seq for AML; (B) Scatterplots of the relationship between the number of sequences and the proportion of mitochondria and the number of genes before quality control, respectively; (C) Characteristic variance plot of gene expression profiles in the sample; (D) PCA results.






3.2 Identification of critical cellular subsets of AML

Cells with similar gene expression patterns were classified into one class by UMAP, identifying 33 cellular subsets. The UMAP plots demonstrated the clustering of cellular subsets in each sample, which was similar in all samples except AML1 (Figure 2A). The 33 cellular subsets were determined as 19 cell types by the expression level of marker genes (Figures 2B, C), which were B cells, Basophil, CD14+-monocytes, CD16+-monocytes, CD4+-Tcm, CD4+-Tn, CD4+-Treg, CD8+-Teff, CD8+-Tem, CD8+-Tn, cDC, Ery, GMP, HSC-Prog, Megakaryocyte, Neutrophil, natural killer cells, pDC, Plasma cell. Each cell had a different proportion in different samples, and this study found HSC-Prog was extremely high in AML1 but low in other samples (Figure 2D).




Figure 2 | Identification of 19 cellular subsets and their intercellular communication based on scRNA-seq data. (A) Classification of cellular subsets in each sample; (B) Bubble plot of the expression level of the markers used for cell annotation; (C) The UMAP plot of the cell annotation results; (D) Stacked plot of the proportion of different cells in AML samples or healthy samples.






3.3 Cellular communication analysis of HSC-Prog signaling interactions

Cellular communication analysis was performed, and focused on the communication between HSC-Prog and other cellular subsets as different ligand-receptor interaction pairs were enriched in different cellular communication. There were significant differences in the communication between HSC-Prog and CD4+-T or CD8+-T. The interaction pairs between HLA-II molecules and CD4 were only enriched in HSC-Prog-CD4+-T, and the probability was relatively small. However, the interaction pairs between HLA-I molecules and CD8A/B were only enriched in HSC-Prog-CD8+-T, and the most significant interaction pairs were HLA-A/CD8B and HLA-B/CD8B in HSC-Prog/CD8+-Tn (Figure 3A). Subsequent studies have found that there are different degrees of interaction between various cell subsets, the more significant are neutrophil-CD8 +T cells, HSC-PROg-CD8 +T cells, CD16+ monocyte-CD8 +T cells and so on. In addition, we found that HSC-Prog interacted with different CD8+-T or CD4+-T cellular subsets, but the signaling interactions between HSC-Prog and CD8+-T cells were stronger compared with CD4+-T cellular subsets (Figure 3B).




Figure 3 | Cellular communication between HSC-Prog and other cellular subsets. (A) Interactions probabilities of ligand-receptor signaling associated with intercellular communication; (B) Cellular communication diagram.






3.4 Identification of hub genes in AML cells by bulk RNA-seq

A total of 1748 DEGs were identified by differential gene expression analysis, including 964 up-regulated and 784 down-regulated genes (Figure 4A). Subsequently, a significant signaling pathway, Wnt signaling pathway, was obtained by GSEA, and 10 hub genes associated with this pathway were obtained (Figure 4B). GO function and KEGG Pathway enrichment analysis were conducted based on core genes, and a significantly enriched signaling pathway was found in the biological process: non−canonical Wnt signaling pathway (Figures 4C–F). At the same time, we noticed that the four genes RHOA, RYK, CSNK1D and NLK in the HSC-Prog cells of the AML1 sample were significantly enriched in the non-classical Wnt signaling pathway, and as downstream genes of this pathway, the expression levels of these genes showed a significant downward trend (Figure 4A). It indicates that non-classical Wnt signaling pathway may be a potential key signaling pathway.




Figure 4 | Results of HSC-Prog-based differential gene expression analysis and enrichment analysis. (A) Results of differential gene expression analysis of AML1 and other samples; (B) Enriched signaling pathways by GSEA; the top 10 hub genes; (C) Biological processes, (D) Molecular functions, and (E) Cellular components; (F) The top 10 KEGG pathways for hub genes.






3.5 Activation of non-classical Wnt signaling pathway increased protein levels of HLA-A

The results of qRT-PCR showed that the mRNA levels of RHOA, RYK and NLK downstream molecules of non-classical wnt signaling pathway in AML group were significantly lower than those in HL group, while the mRNA levels of CSNK1D were not significantly different. However, compared with AML group, the levels of RHOA, RYK, and NLK in Foxy-5+AML group were significantly increased, while the levels of RHOA, RYK, and NLK in Box5+AML group were not significantly different (Figures 5A–D). ELISA results showed that HLA-A protein level in AML group was significantly decreased compared with HL group. Compared with AML group, the protein level of HLA-A in Foxy-5+AML group was also significantly increased, but there was no significant difference in the protein level of HLA-A in Box5+AML group (Figure 5E). In addition, since TP53 mutations were detected in AML1 patients, to rule out the effect of this factor, we conducted experiments with non-TP53 mutated cell lines (HL-60) and TP53 mutated cell lines (THP-1). By comparing the expression of key genes and HLA-A, it was found that the occurrence of TP53 mutations was not associated with abnormal changes in the non-classical wnt signaling pathway (Supplementary Figure 2). Figure 5F presented the protein expression levels of HLA-A in various cells from the bone marrow, and it was found that the protein levels of HLA-A were generally higher in myeloid cells such as eosinophils, basophils, neutrophils, and monocytes (Figure 5F).




Figure 5 | Identification of hub gene expression. (A–D) The relative expression levels of RHOA, RYK, CSNK1D and NLK in HL group, AML group, Foxy-5+AML group and Box5+AML group were detected by qRT-PCR; (E) HLA-A protein levels in HL group, AML group, Foxy-5+AML group and Box5+AML group were detected by ELISA; (F) Protein levels of HLA-A in various cells from bone marrow. Notes: Compared with HL, ** means P<0.01, *** means P<0.001; Compared with AML group, # means P<0.05, ## means P<0.01 and ### means P<0.001.







4 Discussion

As a rapidly progressive malignancy, AML generally presents with a deficiency of red blood cells, platelets, and granulocytes, resulting in the inability of patients to develop adequate immunity (17). Researches and advances in novel molecularly targeted therapies have brought new hope to AML patients. A number of molecules have been proved to mutate in AML and are associated with poor prognosis. Several clinical trials have indicated clinical outcomes of patients can be improved by administering molecularly targeted therapies (18–20). Besides, the administration of immune checkpoint inhibitors to prevent tumor immune escape has also become an important tool in AML treatment (21). This study focused on exploring the molecular mechanisms associated with tumor immune escape in AML, combining scRNA-seq and Bulk RNA-seq to investigate signaling with AML cells.

Resistance often occurs in the treatment of AML with immune checkpoint inhibitors, and the underlying cause of this phenomenon is that AML cells evade T cell surveillance by aberrantly regulating the antigen presentation of major histocompatibility complex (MHC)-I molecules (22). The gene cluster encoded by human MHC is known as HLA, and HLA-I molecules include HLA-A, HLA-B, and HLA-C. Cellular communication analysis of single cells reflected that HLA-A played an important role in the connection between HSC-Prog cells and CD8+-T cells. Peptides produced by HLA-I molecules have been reported to be recognized by tumor-specific CD8+-T cells, thereby activating T cells to produce immune responses. Immune checkpoint inhibitors, on the other hand, produce efficacy by increasing T cell recognition of HLA-I molecules on the tumor surface (23). However, tumors during drug resistance downregulate the HLA-I molecule-mediated endogenous antigen presentation pathway, reduce T cell infiltration, and allow tumor cells to evade host immune surveillance (24, 25). Thus, it can be determined that AML cells can inhibit the expression of HLA-A by restricting the antigen presentation pathway, thereby avoiding anti-tumor immune responses after the activation of cytotoxic CD8+-T cells.

Subsequently, the results of Bulk RNA-seq analysis illustrated that the non-classical Wnt signaling pathway was associated with HSC-Prog. Wnt signaling consists of one canonical cascade: the Wnt/β-catenin signaling pathway, and two atypical cascades: the planar cellular polarity (PCP) pathway and the Ca2+ pathway (26). In leukemia cells, β-catenin expression increases and activates the classical Wnt signaling pathway (27). When the drug resistance-related Wnt/β-catenin signaling pathway is activated, IFNγ and NFκB signaling are inhibited in tumor cells, and down-regulate the expression of MHC-I molecules (28, 29). In contrast, the atypical Wnt signaling pathway has been shown to inhibit the classical Wnt/β-catenin signaling pathway (30). Ca2+ signaling related Wnt5a, and PCP signaling related Frizzled-6 (Fzd6) can inhibit the expression of β-catenin (31, 32). The qRT-PCR and ELISA results of this study reflected that the hub genes RHOA, RYK, NLK and MHC-I molecules HLA-A of the atypical Wnt signaling pathway were down-regulated in leukemia cells. The mRNA levels of RHOA, RYK, NLK and HLA-A protein levels increased significantly after Wnt5a agonist treatment. In this process, the expression of CSNK1D was not greatly affected, and it was speculated that the possible reason was that CSNK1D was involved in phosphorylation of DVL, a hub gene of the non-classical Wnt signaling pathway, but without being directly regulated by the pathway (33). In conclusion, although the non-classical Wnt signaling pathway may be in an inactivated state in AML cells, the stimulation of non-classical Wnt signaling pathway may inhibit the classical Wnt/β-catenin signaling pathway, thereby increasing the expression of HLA-A.

In summary, scRNA-seq and Bulk RNA-seq methods revealed the differentiation mechanisms of leukemia cells and identified a molecular and signaling mechanism associated with leukemia immune escape. It was verified by in vitro experiments that stimulation of the non-classical Wnt signaling pathway may inhibit the canonical Wnt/β-catenin signaling pathway, and up-regulate the expression of HLA-A, thereby increasing T cell antigen presentation recognition. However, there are certain limitations to this study. In subsequent studies, more experiments need to be added to verify the infiltration of T cells after activation of the non-classical Wnt signaling pathway, and to deeply explore whether the hub genes of the non-classical Wnt signaling pathway can directly regulate HLA-A to increase antigen presentation.
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Background

Increasing evidence reveals the involvement of mitochondria and macrophage polarisation in tumourigenesis and progression. This study aimed to establish mitochondria and macrophage polarisation-associated molecular signatures to predict prognosis in gastric cancer (GC) by single-cell and transcriptional data.





Methods

Initially, candidate genes associated with mitochondria and macrophage polarisation were identified by differential expression analysis and weighted gene co-expression network analysis. Subsequently, candidate genes were incorporated in univariateCox analysis and LASSO to acquire prognostic genes in GC, and risk model was created. Furthermore, independent prognostic indicators were screened by combining risk score with clinical characteristics, and a nomogram was created to forecast survival in GC patients. Further, in single-cell data analysis, cell clusters and cell subpopulations were yielded, followed by the completion of pseudo-time analysis. Furthermore, a more comprehensive immunological analysis was executed to uncover the relationship between GC and immunological characteristics. Ultimately, expression level of prognostic genes was validated through public datasets and qRT-PCR.





Results

A risk model including six prognostic genes (GPX3, GJA1, VCAN, RGS2, LOX, and CTHRC1) associated with mitochondria and macrophage polarisation was developed, which was efficient in forecasting the survival of GC patients. The GC patients were categorized into high-/low-risk subgroups in accordance with median risk score, with the high-risk subgroup having lower survival rates. Afterwards, a nomogram incorporating risk score and age was generated, and it had significant predictive value for predicting GC survival with higher predictive accuracy than risk model. Immunological analyses revealed showed higher levels of M2 macrophage infiltration in high-risk subgroup and the strongest positive correlation between risk score and M2 macrophages. Besides, further analyses demonstrated a better outcome for immunotherapy in low-risk patients. In single-cell and pseudo-time analyses, stromal cells were identified as key cells, and a relatively complete developmental trajectory existed for stromal C1 in three subclasses. Ultimately, expression analysis revealed that the expression trend of RGS2, GJA1, GPX3, and VCAN was consistent with the results of the TCGA-GC dataset.





Conclusion

Our findings demonstrated that a novel prognostic model constructed in accordance with six prognostic genes might facilitate the improvement of personalised prognosis and treatment of GC patients.
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1 Introduction

Gastric cancer is one of the most common malignancies in the world. Gastric cancer is a complex disease, and its etiology is not fully understood at present. Helicobacter pylori infection, environmental factors, genetic factors, etc. may be related to the occurrence of gastric cancer. About 950,000 new cases of gastric cancer are reported every year around the world, with nearly 700,000 deaths (1). At present, there are still many deficiencies in the diagnosis and treatment of gastric cancer. Due to the unobvious early symptoms of gastric cancer, many patients are in the middle and late stages when they are found, which greatly reduces the success rate of treatment. At present, laparoscopic surgery, and even robotic surgery, have been widely used in the treatment of gastric cancer patients, which is the most important treatment method for gastric cancer. However, due to the physical condition, disease progression and other reasons, surgical treatment often cannot achieve radical results (2). In addition, there are great limitations in the chemotherapy of gastric cancer. The selectivity of chemotherapy drugs is not strong, which may cause damage to normal cells of patients and produce side effects. For gastric cancer patients who have metastasis, the effect of chemotherapy is not ideal (3). Although targeted therapy and immunotherapy for gastric cancer have made some progress, they are still in the exploratory stage, and their efficacy and safety need further verification and improvement (4). Currently, liquid biopsy is playing an increasingly important role in the diagnosis and treatment of gastric cancer (5). It is necessary to find more reliable biomarkers to predict the prognosis of gastric cancer and explore more potential therapeutic targets.

Mitochondrial function and macrophage polarization processes are associated with a variety of tumors, including gastric cancer. Mitochondria are important organelles in cells that can participate in the metabolism of various substances, including carbohydrates, fats, and proteins. Mitochondria maintain the normal physiological functions of cells through oxidative phosphorylation. Abnormal mitochondrial function may lead to metabolic abnormalities in the body. Tumor cells often have various abnormalities in mitochondrial function, such as changes in mitochondrial metabolic pathways and dysregulation of mitochondrial autophagy. These abnormalities can lead to disturbed energy metabolism and uncontrolled growth of tumor cells (6). Mitochondria contain mitochondrial DNA (mtDNA), which is the genetic material in mitochondria and is double-stranded and circular. mtDNA carries its own genetic information, including 37 genes, which encode certain proteins and RNAs within the mitochondria. Many studies have found mitochondrial DNA mutations in various malignant tumors. Abnormal proteins produced by mutated mitochondrial DNA can not only help tumor cells proliferate, but also enable them to migrate and invade distal organs (7). Abnormal copies of mitochondrial genes are often associated with poor prognosis for patients (8). In addition to mtDNA, there are also a large number of mitochondrial-related genes in the genome, which are closely related to mitochondrial function. Mutations in these genes often cause abnormal mitochondrial function in tumor cells (9). Therefore, further research on mitochondria may not only help us understand the physiological and pathological processes of various tumors such as gastric cancer, but also provide new ideas and methods for cancer treatment.

Macrophage polarization refers to the process that macrophages exhibit different functional and phenotypic characteristics under different stimuli. It is a complex cellular process that involves various signaling pathways and molecular regulatory mechanisms (10). Macrophages can be divided into M1 macrophages and M2 macrophages, and can be further divided into various subtypes. Macrophage polarization is a complex process involving various regulatory mechanisms, including inflammatory factors and anti-inflammatory factors, as well as various genes involved in the process of macrophage polarization (11, 12). Currently, macrophage polarization-related genes have been successively discovered, such as IRF5 and STAT1, which activate innate immune responses by inducing the expression of cytokines (13); STAT3 plays an important role in controlling macrophage proliferation and differentiation (14). Macrophage polarization also plays an important role in tumors. In the tumor microenvironment, M1 macrophages have the characteristics of killing tumor cells, producing inflammatory factors and anti-tumor immune responses, while M2 macrophages are more involved in tissue repair and immunosuppression (15). Studies have shown that in gastric cancer tissue, the number of M2 macrophages is significantly increased, while the number of M1 macrophages is decreased. This polarization imbalance can promote tumor growth and immunosuppression, providing favorable conditions for the development of gastric cancer (16). Cytokines, growth factors, and chemical substances released by tumor cells, as well as abnormal tumor microenvironments, can regulate the process of macrophage polarization. These factors can affect the signal transduction pathway of macrophages, thereby changing the function and polarization state of macrophages (17). Therefore, regulating tumor-associated macrophage polarization may become a new strategy for tumor treatment. Some drugs can inhibit the polarization of M2 macrophages, thereby enhancing the anti-tumor function of macrophages (18).

There is a close relationship between mitochondrial dysfunction and macrophage polarization in tumors. Mitochondrial dysfunction can promote the polarization of tumor-associated macrophages (TAMs). Mitochondrial damage-associated molecular patterns (DAMPs) released by tumor cells can activate macrophages and induce their polarization towards pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes (19). Macrophage polarization can also affect mitochondrial function in tumor cells. For example, M1-type TAMs can release reactive oxygen species (ROS) and other oxidative stress molecules, leading to mitochondrial damage and energy metabolism disorders in tumor cells; while M2-type TAMs can secrete growth factors and anti-inflammatory factors to promote tumor cell growth and survival (20). In summary, there is an interactive and regulatory relationship between mitochondrial dysfunction and macrophage polarization in tumors. Mitochondrial dysfunction can promote the polarization of TAMs, while macrophage polarization can also affect mitochondrial function and biological behavior of tumor cells.

Currently, there are still limited reports on the relationship between mitochondrial and macrophage polarization-related genes in tumors. There is even less literature on prognostic genes related to these two functions and their underlying molecular mechanisms in gastric cancer. This study identified prognostic genes related to mitochondrial and macrophage polarization in gastric cancer patients based on public database data, including transcriptome data and single-cell data, and constructed a prognostic model. In addition, based on the prognostic model, we further explored the biological pathways involved in prognostic genes and their relationships with clinical features and tumor immune microenvironment. In summary, this study identified prognostic genes related to mitochondrial and macrophage polarization in gastric cancer and validated them in clinical samples. By exploring the key genes underlying the intrinsic relationship between the two, we provide a new perspective for understanding the pathogenesis and development of gastric cancer, and also provide new ideas and methods for tumor treatment.




2 Materials and methods



2.1 Data collection

TCGA database provided the mRNA expression profiles and accompanying clinical data of 375 stomach adenocarcinoma tumor tissue samples (GC samples) and 32 paraneoplastic tissue samples (normal samples), and this set of data was referred to as the TCGA-GC dataset. Meanwhile, GEO database (http://www.ncbi.nlm.nih.gov/geo/) provided GC-related original microarray data, specifically, the GSE15459 dataset with 191 GC samples, and the GSE13911 dataset which contained 38 GC samples and 31 normal samples, as well as both datasets were based on the GPL570 platform  (21, 22). Similarly, the GSE183904 dataset comprised high-throughput sequencing data from 26 GC tissue samples, 10 normal tissue samples and four peritonium tissue samples for single-cell data analysis  (23). There was no significant statistical difference in basic information such as the age and gender of patients in the above-mentioned datasets. Furthermore, a total of 1,136 mitochondria-related genes (MRGs) (Supplementary Table 1) and 35 macrophage polarization-related genes (MPRGs) (Supplementary Table 2) were collected by accessing MitoCarta3.0 database (https://www.broadinstitute.org/mitocarta) and Molecular Signatures Database (MsigDB, http://www.broadinstitute.org/gsea/msigdb/index.jsp), respectively.




2.2 Differential expression analysis

In order to acquire the differentially expressed genes 1 (DEGs1) between GC and normal groups in single-cell sequencing data (GSE183904), the ‘FindMarker’-function divided in ‘Seurat’-package (v 4.3.0)  (24) was utilized to carry out differential expression analysis, and the screening condition was adj.P<0.05. Meanwhile, DEGs2 between GC and normal groups in TCGA-GC were identified via ‘DESeq2’-package (v 1.36.0)  (25), with the filtering conditions of adj.P<0.05 and |log2FoldChange(FC)|>0.5. The ‘ggplot2’-package (v 3.4.1)  (26) and ‘ComplexHeatmap’-package (v 2.12.1) (27) were utilized to create the volcano map and heat map of DEGs2, respectively.




2.3 Weighted gene co-expression network analysis(WGCNA)

In our study, based on MRGs and MPRGs as background gene sets, the MRGs score and MPRGs score for each sample of TCGA-GC were calculated via ‘GSVA’-package (v 1.38.2)  (28), followed by a rank-sum test to compare the differences in MPRGs score and MRGs score between GC and normal groups (P<0.05). Subsequently, depending on the expression data of the GC samples in TCGA-GC dataset, WGCNA was implemented via the ‘WGCNA’-package (v 1.72–1) (29) to identify the module and module genes that were most relevant to the MRGs score and MRGs score. To begin with, the GC samples were clustered and outlier samples were removed to determine the accuracy of subsequent analyses. Next, the optimal soft threshold was determined at R2 crossing the threshold 0.80 (red line) and mean connectivity also tending to 0 for ensuring that interactions between genes maximally matched the scale-free distribution. The systematic clustering tree was obtained by utilizing the adjacency connection and gene similarity, and following that, the co-expression network was constructed according to the guidelines of the hybrid dynamic tree cutting algorithm (minModuleSize=50 and mergeCutHeight=0.5). Ultimately, a module-trait heatmap was created to further determine the key module in GC that was most significant with MRGs score and MPRGs score by comparing the correlation coefficient and P-value (P<0.05). The genes contained in key module were defined as key module genes highly correlated with the MRGs score and MPRGs score.




2.4 Screening of candidate genes and functional annotation analysis

The intersections of DEGs1, DEGs2, and key module genes were taken utilizing ‘ggVennDiagram’-package (v 1.2.2)  (30), and the intersecting genes were called candidate genes for follow-up analysis. Furthermore, in order to further reveal the biological functions exerted by the candidate genes, enrichment analysis was undertaken. Specifically, enrichment analyses on the basis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were implemented via ‘clusterProfiler’-package (v 4.4.4) (31) and ‘org.Hs.eg.db’-package (v 3.15.0) (32) with a significance of P<0.05.




2.5 Creation and validation of risk model

To begin with, the ‘survival’-package (v 3.3–1) (33) was applied to carry out univariate Cox regression analysis on the basis of candidate gene expression in 351 GC samples with survival data from TCGA-GC dataset, and prognosis-related genes in GC were acquired with HR≠1 and P<0.05 as filter conditions. Subsequently, prognosis-related genes that passed the PH test (P>0.05) were subject to LASSO analysis via ‘glmnet’-package (v 4.1–6) (34), followed by identifying prognostic genes in GC based on lambdamin value. What’s more, risk model was created, and the risk score of GC patient was computed on the basis of the expression levels of prognostic genes and their coefficients with the following formula:

	

In TCGA-GC dataset, the GC sample was classified into two risk subgroups (high- and low-risk subgroups) in accordance with median risk score. Next, analyses of risk curves, survival status, and prognostic signature gene expression were completed depending on survival and expression data of samples in two risk subgroups. Following this, Kaplan-Meier (KM) survival analysis was achieved via ‘survminer’-package (v 0.4.9) with the aim of comparing the survival differences (P<0.05) between the two risk subgroups. Meanwhile, receiver operating characteristic (ROC) curves at 1-, 3- and 5-years were displayed utilizing ‘survivalROC’-package (v 1.0.3) (35), and the precision of risk model in forecasting the prognosis of GC on the basis of area under curve (AUC) value was evaluated. In general, AUC value greater than 0.6 indicated favorable performance of the risk model. Ultimately, the same approaches were employed in GSE15459 dataset to validate the generalisability of the risk model to predict GC prognosis.




2.6 Clinical correlation analysis

According to 351 GC samples with clinical data in TCGA-GC dataset, the number of patients with different clinical subgroups was compared between high- and low-risk subgroups with the use of the chi-square test to explore the association between risk score and GC clinical characteristics. Specifically, the clinical characteristics included age, gender, vital status, overall survival (OS), pathologic-M/N/T, pathologic-stage and grade. Subsequently, based on the clinical characteristics associated with the risk scores, comparison of risk scores between different clinical subgroups was undertaken by rank sum test (two subgroups) and ANOVA test (three and more subgroups), followed by visualization of the results using box plots and Sankey diagrams. Eventually, the expression level analysis of prognostic genes were achieved between different clinical subgroups.




2.7 Independent prognostic analysis and nomogram creation

By combining risk score with seven conventional clinical characteristics (age, gender, grade, pathologic-M/N/T, and pathologic-stage), univariate and multivariate Cox regression analyses (P<0.05) as well as proportional hazard (PH) hypothesis test (P>0.05) were performed in the TCGA-GC dataset to further assess the possibility of utilizing them as independent prognostic indicators for GC. After selecting the independent prognostic indicators, we created a nomogram of 1, 3, and 5-year survival via ‘rms’-package (v 6.5–0) (36). What’s more, the ROC and calibration curves were generated to determine the predictive efficacy of this nomogram.




2.8 Gene set enrichment analysis (GSEA)

GSEA was accomplished with the aim of uncovering biological pathway differences between the two risk subgroups. To begin with, differential expression analysis was performed between two risk subgroups in TCGA-GC dataset, and DEGs were sorted in accordance with log2FC. Next, based on the KEGG database, GSEA-KEGG was carried out on the sorted genes via ‘clusterProfiler’-package (v 4.4.4) (31), with thresholds of adj.P<0.05 and |NES|>1.




2.9 Tumor immune microenvironment (TIME) analysis

In an attempt to elucidate the association between risk score and immunological characteristics, a more comprehensive immunological analysis was accomplished. Firstly, the abundance of individual immune cells for each sample was obtained through calculating the scores of 22 immune cells in TCGA-GC dataset utilizing CIBERSORT algorithm, followed by a rank-sum test to analyze the differences in immune cell scores between two risk subgroups (P<0.05). Subsequently, Spearman correlation analysis was executed between risk score and differential immune cells as well as between prognostic genes and differential immune cells, respectively, so as to uncover the relationship between them.

Furthermore, immune checkpoint genes (ICGs) play a critical role in the TIME. Therefore, this work compared the ICG expression discrepancy between two risk subgroups on the basis of 43 ICGs obtained from published literature (37). The Spearman correlation analysis between prognostic genes and differential ICGs was also performed. What’s more, tumor immune dysfunction and exclusion (TIDE) score was calculated for each GC sample in TCGA-GC dataset through accessing TIDE database (http://tide.dfci.harvard.edu), and differences between two risk subgroups were compared by a rank-sum test to predict treatment response to immune checkpoint inhibitors.

Meanwhile, immunity, stromal, and ESTIMATE scores were computed through ESTIMATE method for all GC samples from TCGA-GC dataset with the aim of comparing the differences in each score between two risk subgroups (P<0.05).




2.10 Chemotherapy drug sensitivity, MSI, TMB, and CNV analyses

In TCGA-GC dataset, the 50% inhibitory concentration (IC50) values of 138 chemotherapeutic drugs for each GC sample were obtained via the ‘pRRophetic’-package (v 0.5) (38), and these 138 agents were retrieved from genomics of drug sensitivity in cancer (GDSC) database (https://www.cancerrxgene.org/). Next, IC50 values of 138 chemotherapeutic agents were subjected to the rank-sum test to identify agents that differed markedly between two risk subgroups. Meanwhile, the fold change (FC) was calculated, followed by classifying the agents into three groups based on P value and FC, namely sensitive low-risk (P<0.05 and FC>0.2), sensitive high-risk (P<0.05 and FC<-0.2), and no sensitive. Subsequently, the top five agents of sensitive high-risk/sensitive low-risk were selected for correlation analysis with the risk score.

In the meantime, on the basis of microsatellite instability (MSI) data in GC patients gained from cBiPortal database (https://www.cbioportal.org/), GC samples with MSI score>0.3 were defined as the MSI group, and GC samples with MSI score<0.3 were defined as the MSS (microsatellite stable) group in TCGA-GC dataset. Subsequently, the difference in risk score between MSI and MSS groups was compared, and Spearman correlation analysis was performed between MSI score and risk score. More importantly, the top five agents of sensitive high-risk/sensitive low-risk were selected for correlation analysis with MSI score.

Additionally, tumor mutation burden (TMB) and copy number variation (CNV) data for GC samples were derived from the cBiPortal and UCSC Xena (https://xena.ucsc.edu/) databases, respectively. Next, the differences in TMB and CNV between two risk subgroups were compared via rank-sum test (P<0.05), followed by Spearman correlation analysis between them and risk score.




2.11 Single-cell data analysis and pseudo-time analysis

Single-cell sequencing data (GSE183904) were imported into R software and analyzed using the ‘Seurat’-package (v 4.3.0) (24). Initially, the data were filtered using the ‘CreateSeuratObject’-function with the following filtering criteria: (1) genes expressed in fewer than 3 cells were eliminated; (2) cells with a total gene count greater than 200 were retained. Secondly, the percentage of mitochondrial genes was computed via ‘PercentageFeatureSet’-function, and cells with a percentage less than 10% were retained to ensure that low quality cells were excluded. For downstream analysis, data were normalized utilizing ‘NormalizeData’-function, and ‘FindVariableFeatures’-function was adopted to identify top 2,000 highly variable genes after quality control (QC) with the ‘vst’ method. Immediately thereafter, multiple samples were combined and canonical correlation analysis was implemented to remove batch effects. Based on these 2,000 genes, principal component analysis (PCA) was implemented for dimensionality reduction, and then the cells were clustered using ‘FindNeighbors’ and ‘FindClusters’-functions to yield cell clusters. Additionally, ‘FindAllMarkers’-function was applied to discover the significant marker genes for each cell cluster by setting the parameters min.pct=0.25, only.pos=TRUE, and logfc.threshold=0.7. What’s more, to identify cell subpopulations, cell clusters were annotated according to the CellMarker database (http://biocc.hrbmu.edu.cn/CellMarker/), and marker genes in different cell subpopulations were displayed.

Further, the expression level of prognostic genes in each cell subpopulation was demonstrated, and cell subpopulation with higher expression of prognostic genes and with expression of each gene was utilized as the key cell for subsequent analyses. Immediately thereafter, the identified key cell was analyzed for functional enrichment via ‘ReactomeGSA’-package (v 1.4.2) (39). Eventually, based on key cells, unsupervised cluster analysis was implemented via ‘FindNeighbors’ and ‘FindClusters’ functions to identify subclasses of key cells, followed by pseudo-time analysis of these subclasses via ‘monocle3’-package (v 1.0.0) (40).




2.12 Chromosomal localization and subcellular localization analyses

The subcellular localization analysis was performed using the ‘RCircos’-package (v 1.2.2) (41) for determining the location of prognostic genes on human chromosomes. Simultaneously, the function of prognostic genes was closely linked to their location in the cell, so it was important to know the subcellular location of these genes. In this study, the subcellular localization of prognostic genes was predicted by visiting the online website mRNALocater (http://bio-bigdatacn/mRNALocater).




2.13 Regulatory network analysis

To uncover the molecular regulatory mechanisms of prognostic genes in GC, lncRNA-miRNA-mRNA regulatory network was established. Initially, miRWalk database(http://mirwalk.umm.uni-heidelberg.de/) was employed to forecast miRNAs that could target prognostic genes. Later on, upstream lncRNAs of miRNAs were predicted by accessing starBase database (http://starbase.sysu.edu.cn/), with the filtering conditions of clipExpNum≥2, degraExpNum≥2, and pancancerNum≥2. The lncRNA-miRNA-mRNA network was generated with the help of Cytoscape software (v 3.9.1) (42).




2.14 Expression level analysis and validation

In TCGA-GC and GSE13911 datasets, expression level of prognostic genes in GC and normal samples was analyzed. Subsequently, expression analysis of prognostic genes was finished through quantitative real time polymerase chain reaction (qRT-PCR). Ten clinical gastric tissue samples were collected from Suzhou Municipal Hospital, Affiliated Suzhou Hospital of Nanjing Medical University, including five GC patients and five paraneoplastic patients. The experiment was approved by the Ethics Committee of Gusu School, Nanjing Medical University.

Total RNA was isolated from gastric tissue using TRIzol reagent, followed by reverse transcription to synthesize complementary DNA (cDNA) using SweScript First Strand cDNA synthesis kit. The qRT-PCR was run for 40 cycles under the following conditions, 95°C for 1 min, 95°C for 20 s, 55°C for 20 s, and 72°C for 30 s. GAPDH served as the internal reference gene for biomarkers, and the relative expression levels of prognostic genes were quantified using the 2-ΔΔCT method. Primers were shown in Table 1.


Table 1 | Primers used in PCR experiments.






2.15 Statistical analysis

In the present work, all statistical analyses involved were performed by R program (v 4.2.1). Discrepancies between groups were completed by rank sum test (two subgroups) or ANOVA test (three and more subgroups). P-value<0.05 was deemed statistically meaningful unless otherwise stated.





3 Results



3.1 Key module genes correlated with MRGs and MPRGs scores were obtained through WGCNA

In TCGA-GC dataset, there were remarkable differences in MRGs score and MPRGs score between GC and normal groups (P<0.05), and both MRGs and MPRGs scores were lower in GC samples than in normal samples (Figure 1A). Subsequently, WGCNA was implemented to excavate the modules and module genes that related to MRGs score and MPRGs score. After the cluster analysis of the samples, no outlier samples were observed (Figure 1B). Also, the soft threshold of 14 was chosen to construct the co-expression network, at which point interactions between genes maximally matched the scale-free distribution (Figure 1C). In the process of constructing the co-expression network, five modules were created with the systematic clustering tree and dynamic tree cutting algorithms (Figures 1D, E). The module MEbrown demonstrated the strongest association with MRGs score and MPRGs score, with a negative correlation with MRGs score (cor=-0.69 and P<0.001) and a positive association with MPRGs score (cor=0.32 and P<0.001). Ultimately, a total of 3,110 genes contained in module MEbrown were identified as key module genes highly linked to MRGs score and MPRGs score.




Figure 1 | Key modular genes correlated with MRGs and MPRGs scores obtained through WGCNA. (A) MRGs and MPRGs scores between gastric cancer (GC) group and normal group in TCGA-GC dataset, (B) Sample dendrogram and trait heatmap, (C) Scale independence and mean connectivity among genes, (D) Gene dendrogram and module colors, (E) Trait relationships of different colored modules. * indicates p<0.05, ** indicates p<0.01.






3.2 Candidate genes were strongly associated with immune responses and cytokines

Through differential expression analysis, a total of 1,628 DEGs1 in GSE183904 dataset and 7,704 DEGs2 (3,625 up-regulated and 4,079 down-regulated) in TCGA-GC dataset were mined (Figures 2A, B). Subsequently, the Venn diagram demonstrated that 292 candidate genes were acquired through fetching the intersections of 1,628 DEGs1, 7,704 DEGs2 and 3,110 key module genes (Figure 2C).




Figure 2 | Candidate genes closely related to immune response and cytokines. (A) 1,628 differentially expressed genes (DEGs1) in GSE183904 dataset, (B) 7,704 differentially expressed genes (DEGs2) in TCGA-GC dataset, (C) Venn diagram obtained by intersecting DEGs1, DEGs2, and key modular genes, (D) Go functional enrichment analysis of candidate genes, (E) KEGG enrichment analysis of candidate genes.



Further, 292 candidate genes were significantly enriched into 800 GO items [699 biological processes (BPs), 60 cellular components (CCs), and 41 molecular functions (MFs)] and 14 KEGG pathways (P<0.05). The important GO-BP categories were primarily connected with immune responses and cytokines, such as “leukocyte migration”, “leukocyte mediated immunity”, “cell chemotaxis”, “leukocyte activation involved in immune response”, etc (Figure 2D). The candidate genes were highly enriched in the “endoplasmic reticulum lumen”, “collagen trimer” and “basement membrane” in GO-CC analysis (Figure 2D). In GO-MF category, they showed concentration in “growth factor binding”, “immunoglobulin binding”, “transforming growth factor beta binding”, etc (Figure 2D). Meanwhile, KEGG analysis elucidated that candidate genes were engaged in “PI3K-Akt signaling pathway”, “Phagosome”, “ECM-receptor interaction”, and other signaling pathways (Figure 2E). These findings strongly revealed that immune responses and cytokines were highly relevant to the pathogenesis and progression of GC.




3.3 Risk model was effective in predicting prognosis of GC

After incorporating 292 candidate genes into univariate Cox regression analysis and PH hypothesis test, totally 101 genes were identified that were significantly associated with prognosis in TCGA-GC dataset (Supplementary Figure 1). Immediately, with respect to the LASSO regression analysis, the model was optimal when lambdamin was equal to 0.08366, and six prognostic genes (GPX3, GJA1, VCAN, RGS2, LOX, and CTHRC1) were chosen to create risk model (Figure 3A). On the basis of the coefficients of these six genes in LASSO analysis, we computed risk score by following the formula below: Risk score = GPX3*0.145 + GJA1*0.071 + VCAN*0.005 + RGS2*0.072 + LOX*(-0.025) + CTHRC1*0.110. In TCGA-GC dataset, the GC patients were categorized into two risk subgroups (low- and high-risk subgroups) in accordance with median risk score. As demonstrated in Figure 3B, the K-M curve revealed that the survival rate of high-risk patients was markedly lower than that of low-risk patients (P<0.001). In ROC analysis, AUC values for 1-, 3-, and 5-year were 0.650, 0.614, and 0.731, correspondingly, which implied that risk model was stable and effective in forecasting the prognosis of GC patients (Figure 3B). In order to evaluate the robust prediction value of risk model, these were additionally further validated in GSE15459 dataset. The results indicated that the significant prognostic value was P=0.013, and AUC values at 1-, 3-, and 5-year survival were 0.613, 0.623, and 0.644, correspondingly (Figure 3C). The relationships of risk score with survival time and survival status, as well as the heat map of expressions of the six prognostic genes, were illustrated in Figures 3D, E. Obviously, with increasing risk score, the survival time of the patient decreased and the number of deaths rose at the same time.




Figure 3 | Risk model for predicting the prognosis of gastric cancer. (A) Six prognostic genes (GPX3, GJA1, VCAN, RGS2, LOX, and CTHRC1) selected by LASSO regression analysis to construct the risk model, (B) K-M curve and ROC analysis between high-risk and low-risk patients in TCGA-GC dataset (P<0.001), (C) K-M curve and ROC analysis between high-risk and low-risk patients in GSE15459 dataset (P=0.013), (D) Heatmap of the expression of six prognostic genes in patients from TCGA-GC dataset, (E) Heatmap of the expression of six prognostic genes in patients from GSE15459 dataset.






3.4 Association analysis of risk score with GC clinical characteristics

In TCGA-GC dataset, the relationship between risk score and various clinical characteristics was further investigated to reveal the effect of risk score in GC progression. Firstly, clinical characteristics of the two risk subgroups were compared, and the differences in vital status (P=0.001), OS (P=0.029), pathologic-T (P=0.007) and grade (P=0.017) between two risk subgroups were statistically significant (Table 2). Among them, there were marked discrepancies in risk scores of patients with different pathologic-T and grade, and pathologic-TX and grade-3 were associated with higher risk score (Figure 4A). Meanwhile, the Sankey plot also demonstrated that the majority of T1 and G2 patients flowed to the low-risk subgroup (Figure 4B). What’s more, it was discovered that the expression of six prognostic genes had a gradual upward trend during the period from pathologic-T1 to TX (P<0.05), and the same trend was noted for the remaining five genes, except for CTHRC1, during the period from grade-1 to grade-X (P<0.05) (Figure 4C).


Table 2 | Clinical characteristics of the two risk subgroups.






Figure 4 | Correlation analysis of risk scores with clinical characteristics of gastric cancer in the TCGA-GC dataset. (A) Differences in risk scores among patients with different pathological T stages and grades, (B) Representation of patient flow into different subgroups through Sankey diagram, (C) Expression profiles of six prognostic genes between patients with pathological T1 to TX stages and grades 1 to X.






3.5 An effective nomogram was created in GC

By combining conventional clinical characteristics with risk score in TCGA-GC dataset, univariate Cox analysis manifested that risk score, age, pathologic-M, pathologic-N, pathologic-T, and pathologic-stage were all markedly associated with OS in GC (P<0.05) (Figure 5A). On the basis of PH hypothesis test and multivariate Cox analysis, risk score and age were detected as independent prognostic indicators for predicting the prognosis of GC patients (Figure 5B). Subsequently, a nomogram integrating risk score and age for predicting GC prognosis was constructed (Figure 5C). The calibration curve suggested that the predicted and actual values of nomogram were roughly the same (Figure 5D). Meanwhile, AUC values at 1-, 3-, and 5-years were 0.664, 0.644, and 0.737, correspondingly (Figure 5E). In summary, the nomogram constructed in accordance with risk score and age had significant predictive value for predicting GC survival with higher predictive accuracy than risk model.




Figure 5 | Analysis of gastric cancer in the TCGA-GC dataset combining risk scores and traditional clinical features. (A) Univariate Cox analysis of risk scores and traditional clinical features associated with overall survival in gastric cancer, (B) Independent prognostic indicators for predicting the prognosis of gastric cancer patients obtained through PH hypothesis testing and multivariate Cox analysis, (C) Nomogram constructed by combining risk scores and age for predicting the prognosis of gastric cancer, (D) Calibration curve of the nomogram, (E) ROC curve of the nomogram.






3.6 Differences in biological pathways between two risk subgroups were clarified

The GSEA was conducted in TCGA-GC dataset to determine the most markedly enriched pathways between two risk subgroups. It was noted that genes from high-risk patients were markedly enriched in the “cell adhesion molecules”, “ECM-receptor interaction”, “cGMP-PKG signaling pathway”, “Calcium signaling pathway pathways”, etc (Figure 6A). However, genes in low-risk subgroup were markedly enriched in the following pathways, namely, “RIG-I-like receptor signaling pathway”, “cell cycle”, “oxidative phosphorylation pathway”, etc (Figure 6B). These analyses suggested that risk score was highly correlated with these biological pathways, providing insight valuable for understanding the potential molecular mechanisms of GC.




Figure 6 | Differences in biological pathways and immune characteristics between two risk subgroups in the TCGA-GC dataset. (A, B) Gene Set Enrichment Analysis (GSEA) for the high-risk subgroup (A) and the low-risk subgroup (B), (C, D) Analysis of different infiltration levels of immune cells between the two risk subgroups using the CIBERSORT program, (E) Correlation study between risk scores and different immune cells, (F) Correlation study between prognostic genes and different immune cells. * represent p<0.05, ** represent p<0.01, *** represent p<0.001, **** represent p<0.0001, ns represent no significant different.






3.7 Risk score was associated with immunological features in GC

The CIBERSORT program was adopted to estimate the score of immune cells between the two risk subgroups, and the results revealed that resting-memory CD4+ T cells, M0 macrophages, M1 macrophages, and M2 macrophages were more enriched in samples of TCGA-GC dataset (Figure 6C). Further, it was noted that in case of statistical differences (P<0.05), the infiltration levels of naive B cells, M2 macrophages, monocytes, resting dendritic cells, and resting mast cells were higher in GC samples from high-risk subgroups, whereas the infiltration levels of activated-memory CD4+ T cells, follicular helper T cells, regulatory T cells (Tregs), and activated mast cells were higher in GC samples from low-risk subgroups (Figure 6D). The strongest positive correlation (cor=0.31 and P<0.001) between risk score and M2 macrophages was observed in the correlation study (Figure 6E). Simultaneously, it was also clear that there was significant correlations between prognostic genes and differential immune cells, in which the strongest positive association was found between CTHRC1 and M2 macrophages (cor=0.32 and P<0.001), and the strongest negative association was found between RGS2 and Tregs (cor=-0.31 and P<0.001) (Figure 6F).

From Figure 7A, it could be observed that there were differences in 28 ICGs (BTLA, BTN2A1, BTN2A2, etc.) levels between the two risk subgroups, and all of these 28 ICGs levels were lower in high-risk subgroup compared to the low-risk group. Besides, there were multiple positive correlations between six prognostic genes and these 28 ICGs, among which TNFSF4 and CD200 were more strongly correlated with prognostic genes (Figure 7B). Further analyses demonstrated a marked difference in TIDE score between two risk subgroups and a notable positive association between TIDE score and risk score (cor=0.57 and P<0.001), predicting a better outcome for immunotherapy in low-risk patients (Figure 7C). Ultimately, ESTIMATE algorithm demonstrated higher immune, stromal, and ESTIMATE scores (P<0.001) in high-risk subgroup compared to the low-risk subgroup (Figure 7D), in other words, there was marked positive correlations between them and the risk score (stromal score: cor=0.7, immune score: cor=0.26, ESTIMATE score: cor=0.53; all P<0.001) (Figure 7D).




Figure 7 | Differences in immune cell infiltration between two risk subgroups in the TCGA-GC dataset. (A) Immune cell gene (ICG) levels between the two risk subgroups, (B) Correlation analysis between six prognostic genes and immune cell genes, (C) TIDE scores between the two risk subgroups, (D) Immune score, stromal score, and ESTIMATE score between the two risk subgroups. * represent p<0.05, ** represent p<0.01, *** represent p<0.001, **** represent p<0.0001.






3.8 The relationship of risk score with chemotherapy agents, MSI, TMB, and CNV

Among 138 chemotherapy agents, five agents (AZD6244, CCT018159, Mitomycin.C, etc.) belonged to sensitive low-risk group and 30 agents (AP.24534, Midostaurin, etc.) belonged to sensitive high risk group (Figures 8A, B). Of these, CCT018159 was markedly positively associated with risk score, as well as DMOG, BMS.754807, BX.795, Midostaurin, and AP.24534 were significantly negatively linked to risk score (P<0.05 and |cor|>0.3) (Figure 8C). These findings could provide a reliable reference for clinical treatment. Subsequently, with respect to the MSI analysis, patients in MSS group had a higher risk score than those in MSI group, and MSI score was markedly negatively linked to risk score (P<0.001 and cor=-0.31) (Figure 8D). Interestingly, it was noticed that the chemotherapeutic agent DMOG was significantly positively associated with MSI score, while the chemotherapeutic agent CCT018159 was significantly negatively associated with MSI score (P<0.05 and |cor|>0.3) (Figure 8E).




Figure 8 | The relationship between risk score and chemotherapy drugs, MSI, TMB, and CNV. (A) Likelihood of sensitivity to different chemotherapy drugs, (B) Correlation between risk score and chemotherapy drugs, (C) Chemotherapy drug scores between the two risk subgroups, (D) MSI scores between the two risk subgroups and the correlation between MSI score and risk score, (E) Correlation between MSI score and chemotherapy drugs, (F) TMB scores between the two risk subgroups and the correlation between TMB score and risk score, (G) CNV scores between the two risk subgroups and the correlation between CNV score and risk score. * represent p<0.05, ** represent p<0.01, **** represent p<0.0001.



Further, our data revealed that TMB and CNV were markedly lower in high-risk patients than in low-risk patients, and risk score was remarkably negatively linked to TMB and CNV in GC (Figures 8F, G).




3.9 Stromal cells were identified as key cells

In the samples of GSE183904 dataset, totally 130,770 cells and 25,504 genes were identified after QC for downstream analysis. After PCA dimensional reduction and unsupervised cluster analysis, 35 distinct cell clusters were identified (Figure 9A). Subsequently, cell annotation yielded six cell subpopulations, namely, lymphoid cell, epithelial cell, plasma cell, myeloid cell, stromal cell, and endothelial cell (Figure 9B). Meanwhile, Figure 9C revealed that the expression of the respective corresponding significant marker genes was higher in six cell subpopulations, for example, PECAM1, PLVAP, VWF, and CDH5 were highly expressed in endothelial cell, as well as FCER1G and SPARC had higher expression in myeloid cell and stromal cell, respectively. Besides, the proportion of these six cell subpopulations could be observed for the sample in GSE183904 dataset from Figure 9D, where lymphoid cell content was highest in all samples.




Figure 9 | The relationship between stromal cells and prognostic genes. (A, B) Cell clusters in the GSE183904 dataset, (C) Significant marker genes corresponding to each of the six cell subsets. (D) Proportions of the six cell subsets, (E) Expression differences of six prognostic genes in six different cell subsets, (F) ReactomeGSA enrichment analysis of stromal cells in different tissues, (G) Pseudo-time analysis of three stromal cell subclasses.



The expression discrepancies of the six prognostic genes were analyzed in six different cell subpopulations to further explore the expression of these genes at the cellular level. As demonstrated in Figure 9E and Supplementary Figure 2, the cells with more expression of the prognostic genes were stromal cell, myeloid cell, and endothelial cell, and all six genes were expressed in stromal cell, so stromal cell was employed as the key cell for subsequent analyses in this study. ReactomeGSA enrichment analysis demonstrated that stromal cells were primarily engaged in “ATP sensitive potassium channels”, “FMO oxidizes nucleophiles”, “regulation of thyroid hormone activity”, etc (Figure 9F). Further, stromal cells was divided into three subclasses (stromal C1, stromal C2, and stromal C3), and it was noted that a relatively complete developmental trajectory existed for stromal C1 in pseudo-time analysis (Figure 9G).




3.10 Chromosomal localization, subcellular localization, and potential regulatory analyses were completed

The results of chromosomal localization analysis indicated that GPX3, LOX, and VCAN were all located in chromosomes 5, as well as RGS2, GJA1, and CTHRC1 in chromosomes 1, 6, and 8, respectively (Figure 10A). Meanwhile, the six prognostic genes were entered into the mRNALocater database to analyze their subcellular localisation, and the results revealed that GPX3, LOX, and CTHRC1 were preferably expressed in cytoplasm, whereas GJA1, VCAN, and RGS2 were preferably expressed in nucleus (Figure 10B).




Figure 10 | Chromosome Localization, subcellular Localization, and potential regulatory analysis. (A) Chromosome localization analysis of six prognostic genes, (B) subcellular localization of six prognostic genes, (C) lncRNA-miRNA-mRNA network of six prognostic genes.



Furthermore, the potential regulatory mechanisms of prognostic genes were elucidated by constructing a lncRNA-miRNA-mRNA network, as demonstrated in Figure 10C. It could be observed that the lncRNA-miRNA-mRNA network included 73 nodes (6 mRNA, 50 miRNA, and 17 lncRNA) and 133 edges, as well as the multiple relationship pairs were found in network. Obviously, lncRNAs (LINC01001, AC138035.1, and AC240565.2) could simultaneously regulate prognostic genes (VCAN, CTHRC1, and GPX3) via both hsa-let-7 family members (hsa-let-7a-5p, hsa-let-7b-5p, and hsa-let-7d-5p), as well as hsa-miR-200c-3p was identified as a regulator of LOX.




3.11 Experimental verification of prognostic genes expression in GC

In TCGA-GC dataset, the expression of the GJA1, VCAN, LOX, and CTHRC1 was markedly higher in GC samples than in normal samples, whereas GPX3 and RGS2 were markedly lower in the GC samples (Figure 11A). Besides, the expression of six prognostic genes was validated in GSE13911 dataset, and the results were presented in Figure 11B. Except for GJA1, the expression trends of the remaining five genes were consistent with the TCGA-GC dataset, and the expression of GPX3, LOX, and CTHRC1 had markedly difference between GC and normal samples (P<0.05).




Figure 11 | Experimental validation of prognostic gene Expression in GC, (A) Expression of six prognostic genes in the TCGA-GC dataset, (B) Expression of six prognostic genes in the GSE13911 dataset, (C) Expression of six prognostic genes in GC tumor tissues and adjacent normal tissues. * represent p<0.05, ** represent p<0.01, *** represent p<0.001, **** represent p<0.0001, ns represent no significant different.



With the purpose of verifying demonstrate the expression of prognostic genes in GC samples, qRT-PCR was performed on the GC tumor and the paraneoplastic normal tissues. As shown in Figure 11C, RGS2, GJA1, GPX3, and LOX were less expressed in gastric cancer tissues than in paracancerous tissues (P<0.05). The expression trend of VCAN was opposite (P<0.05), while CTHRC1 had no difference in expression between GC and paracancerous samples (P>0.05).





4 Discussion

Gastric cancer is a common malignant tumor of the digestive tract worldwide, and its pathogenesis involves various factors. In recent years, with the development of molecular biology, the role of mitochondrial function and macrophage polarization in gastric cancer has gradually attracted attention. Current studies have shown that mitochondrial function is closely related to the progression of gastric cancer (43), while macrophage polarization also plays an important role in the immune microenvironment of gastric cancer (44). However, the relationship between mitochondrial function and macrophage polarization in gastric cancer and the underlying genetic regulatory mechanisms remain unclear. This study aims to identify genes related to mitochondrial function and macrophage polarization in gastric cancer through bioinformatics analysis and biological sample validation, providing new ideas for the diagnosis and treatment of gastric cancer.

In this study, we first collected gene expression data from gastric cancer patients and screened out genes related to mitochondrial function and macrophage polarization using bioinformatics methods. We selected data of 375 cases of gastric cancer and 32 adjacent tissues from the TCGA dataset, as well as data from the GSE183904 dataset with complete single-cell sequencing data to identify related differentially expressed genes and establish the model. We also selected the larger sample-sized GSE15459 dataset and GSE13911 dataset for validation. To avoid potential selection bias, we used the data of all patients in the datasets for analysis. Then, we used bioinformatics tools to perform functional annotation and pathway analysis on these genes to reveal their possible mechanisms in gastric cancer. Through analysis, we identified a group of genes closely related to mitochondrial function and macrophage polarization in gastric cancer. These genes are mainly involved in biological processes such as energy metabolism, oxidative stress, and immune response. In addition, we also found that these genes are closely related to the prognosis of gastric cancer, suggesting that they may be potential targets for gastric cancer treatment.

Glutathione peroxidase 3 (GPX3), the only known extracellular glycosylated enzyme in the glutathione peroxidase family, is a protein that contains a selenocysteine residue. It plays an important role in cellular defense mechanisms by resisting stress signals and scavenging reactive oxygen species, thereby maintaining the genetic integrity of cells (45). GPX3 can induce mitochondrial-related apoptosis through the AMPK/ERK1/2 pathway (46). GPX3 is also correlated with macrophage infiltration in tumors (47). In various tumors, the GPX3 promoter is hypermethylated or its allele is lost, leading to low expression (48, 49). Low expression of GPX3 is closely related to the occurrence, development, and prognosis of tumors such as gastric cancer (50).

Regulator of G protein signalling 2 (RGS2) is involved in cell cycle, transmembrane receptor protein tyrosine kinase signaling pathway, and regulation of G protein-coupled receptor protein signaling pathway, with a negative regulatory function in signal transduction (51). Studies have shown that the RGS2 gene also plays a certain role in cancer. In gastric cancer, the RGS2 gene is considered a new tumor biomarker. Fatty acid metabolism is related to the changes in the immune microenvironment of gastric cancer, and the RGS2 gene may participate in this process by regulating the G protein signaling pathway (52). Additionally, the RGS2 gene exhibits abnormal expression in prostate cancer. During the progression of prostate cancer, the downregulation of RGS2 expression is associated with hypoxia and is related to the regulation and influence of tumor phenotypes (53).

Versican, the protein encoded by the VCAN gene, is an important extracellular matrix protein involved in biological processes such as cell adhesion, migration, proliferation, and signaling. Research has shown that the VCAN gene is negatively regulated by methylation, leading to its high expression in cancer tissues (54). In gastric cancer, VCAN is overexpressed and can predict the response to adjuvant chemotherapy, adjuvant radiotherapy and immunotherapy (55).

The CTHRC1 gene encodes collagen triple helix repeat protein 1, which plays an important role in various biological processes, including inhibiting collagen deposition, promoting cell migration, and accelerating vascular repair. In recent years, the role of CTHRC1 in cancer research has gradually emerged, especially in gastric cancer, hepatocellular carcinoma, colorectal cancer, esophageal cancer, and other cancers (56). The expression of CTHRC1 protein in gastric cancer tissues is significantly higher than that in adjacent tissues, and there is a certain correlation between the expression of CTHRC1 protein and the prognosis of gastric cancer patients. CTHRC1 increases the expression of CXCR4 by up-regulating the expression of HIF-1α, ultimately promoting cell migration and invasion (57). In colon cancer, CTHRC1 remodels infiltrating macrophages through interaction with TGF-β receptors, promoting liver metastasis of colorectal cancer cells (58).

The gene for Gap Junction Alpha-1 (GJA1), also known as Connexin43 (Cx43), is a key gap junction protein necessary for the propagation of action potentials between adjacent cells (59). The GJA1 gene also plays a role in cancer. In breast cancer, the expression of GJA1 is related to tumor subtype (60). In colorectal cancer, the loss of GJA1 expression is positively correlated with patient metastasis and poor prognosis. Overexpression of GJA1 can inhibit the progression of colorectal cancer and enhance cancer cell sensitivity to 5-fluorouracil (5-FU) (61). The function of the GJA1 gene in gastric cancer is still unclear. Some studies have shown that the expression level of GJA1 protein is low in gastric cancer tissue, and its low expression is associated with the progression and poor prognosis of gastric cancer (62), which is consistent with our analysis results but inconsistent with the results of the TCGA database. This suggests that the role of the GJA1 gene in the occurrence and development of gastric cancer may be complex. Currently, the specific mechanism of GJA1 in gastric cancer still requires further investigation to provide new ideas and methods for the diagnosis and treatment of gastric cancer.

LOX is a copper-dependent monoamine oxidase that participates in the covalent cross-linking of collagen and elastin in the extracellular matrix, thereby maintaining the normal structure and function of the extracellular matrix (63). LOX can affect VEGF induction, HIF-1α activation, and other mechanisms, playing an important role in the occurrence, development, invasion, and metastasis of various tumor (64). In gastric cancer, the downregulation of LOX expression can downregulate the expression of MMP-2 and MMP-9 in cancer cells (65). Literature shows that the expression level of LOX in gastric cancer is usually high, which is consistent with the results of TCGA and GEO databases (66). However, our verification results may be limited by the sample size and show opposite results, which can be further verified with more samples in the future.

This study revealed the potential mechanism of mitochondrial function and macrophage polarization-related genes in gastric cancer through bioinformatics analysis, and verified the expression of these genes in gastric cancer tissues by qRT-PCR, providing new ideas for the diagnosis and treatment of gastric cancer. Gene diagnosis is playing an increasingly important role in clinical work. Currently, samples from patients after surgery are often subject to genetic analysis. Therefore, in future work, it is highly feasible to apply the nomogram composed of these genes for clinical diagnosis, prognosis determination and clinical decision-making. The target genes screened in this study have not yet been functionally validated at the cellular level. These genes may not only function in tumor cells but also play important roles in stromal cells and affect the behavior of tumor cells. Stromal cells in tumors may impact aspects such as tumor occurrence, development, metastasis, and treatment response through means like growth factor signal transduction, influencing the function of immune cells in the tumor microenvironment, and providing nutrients for tumor cells. In the future, we will further validate the functions of these genes through cellular and animal experiments, focusing on exploring their mechanisms in mitochondrial function and macrophage polarization in gastric cancer, in order to more comprehensively understand the pathogenesis and treatment of gastric cancer.
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Epigenetic modifications influence gene expression and effects cancer initiation and progression. Therefore, they serve as diagnostic and prognostic biomarkers and potential therapeutic targets. Natural Killer (NK) cells, integral to the innate immune system, exhibit anti-tumor effect by recognizing and eliminating cancerous cells through the balance of activating and inhibitory ligands. Understanding the epigenetic regulation of NK cell ligands offers insights into enhancing NK cell-mediated tumor eradication. This review explores the epigenetic modifications governing the expression of activating NKG2D ligands and discusses clinical trials investigating NK cell-based immunotherapies, highlighting their potential as effective cancer treatment strategies. Case studies examining the safety and effectiveness of NK cell therapies in different cancer types, such as acute myeloid leukemia (AML) and non-small cell lung cancer (NSCLC), demonstrate promising outcomes with minimal toxicity. These findings underscore the therapeutic prospects of epigenetic modulation of NKG2D ligands and NK cell-based immunotherapies as effective cancer treatment strategies. Future research in the advancement of personalized medicine approaches and novel combination therapies with NK cell will further improve treatment outcomes and provide new therapeutic options for treating patients with various types of cancer.
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Introduction

Epigenetic changes regulating gene expression are those that are independent of alterations in the DNA sequence. These changes can be regulated by numerous factors (1). Epigenetic regulators mediating epigenetic changes have been shown to play a pivotal role in cancer initiation and progression by regulating the expression of tumor suppressor genes (TSGs) and oncogenes (2). Moreover, these epigenetic changes impact DNA repair mechanisms, potentially leading to genomic instability and driving tumorigenesis (3, 4). They also contribute to maintaining the stemness of cancer cells (5) and regulate responses to therapy (6). Therefore, they are used as biomarkers for cancer diagnosis and prognosis and represent promising targets for cancer therapy. Understanding the role of epigenetic regulators and epigenetic modifications in cancer development is essential for unraveling the complexity of the disease and developing effective targeted therapeutic strategies.

Natural Killer (NK) cells is a kind of white blood cell and represents crucial components of the immune system. NK cells are a part of the innate immune system and play an important role in regulating the immune response to viral infections, as well as in recognizing and destroying infected or abnormal cells, such as cancer cells (7). NK cells possess the ability to identify and target cancer cells without prior sensitization (8). They express receptors that recognize specific ligands on cancer cells and, upon recognition, release cytotoxic granules that induce apoptosis, thereby eradicating cancer cells (9).

Cancer cells express both activating and inhibitory ligands, and the balance of these ligands interacting with receptors on the surface of NK cells determines the fate of cancer cells (10). Activating ligands include Natural Killer Group 2D (NKG2D) ligands e.g., Major histocompatibility complex (MHC) class I chain-related protein A (MICA), MHC class I chain-related protein B (MICB), UL16 binding proteins (ULBPs), trigger NK cell activation and promote cytotoxicity upon their expression (11). Another group of activating ligands include DNAX accessory molecule- 1 (DNAM-1) ligands e.g., Nectin-2 (CD112), PVR or cluster of differentiation155 (CD155). DNAM-1 is expressed on NK cells and serve as an activating receptor. It specifically interacts with DNAM-1 ligands expressed on cancer cells and promotes NK cell-mediated cytotoxicity by producing cytokines (12). Inhibitory ligands, for example MHC class I molecules upon interacting with inhibitory receptors on NK cells leads to transmitting signals that prevent NK cell activation and killing of self-cells (13). Thus, the balance between the expression of activating and inhibitory ligands determines NK cell responsiveness to cancer cells. Additionally, NK cells play a role to modulate the overall immune response. It interacts with other immune cells such as macrophages, dendritic cells, and T cells and contributes to the overall regulation of the immune system’s function (14).

Given the important role that NK cells play, potential therapeutic applications of NK cells in cancer treatment are being explored (7). Several clinical trials are ongoing to develop novel therapies based on NK cells for effective cancer treatment. Additionally, previous studies have provided understanding into the epigenetic mechanisms that play a critical role in regulating the expression of NK cell ligands (15–17), affecting NK cell-mediated tumor cell eradication. This article discusses the role of epigenetic modifications that regulate the expression of activating NKG2D ligands and reviews various clinical trials with NK cells, highlighting the effectiveness of NK cell-based immunotherapy as a successful and promising therapeutic strategy for cancer treatment.





Epigenetic modifications regulating the expression of activating NKG2D

Epigenetic modifications are crucial for regulating gene expression, including the expression of NKG2D ligands (15–17). This section provides a review of various epigenetic modifications that regulate NKG2D ligand expression. The concept of epigenetic regulation of NKG2D ligands and its role in NK-cell mediated antitumor response to eliminate tumor cells was conceived long ago. In a study published in 2011, authors showed that the epigenetic drugs hydralazine, a DNA methylation inhibitor and valproic acid, an inhibitor that belong to class I histone deacetylases (HDACs) and regulator of DNA methylation and demethylation of histones (18) increased the expression of MICA and MICB NKG2D ligands on the target cells. It was via increasing the H3K4 methylation mark at the promoter region of MICA and MICB genes. The increase in expression of MICA and MICB led to an increase in NK cell-mediated cytotoxicity, leading to tumor growth suppression (19).

Since then, several studies have reported that epigenetic modification play an imminent role in regulating the expression of NKG2D ligand. Histone acetylation is a type of posttranslational modification regulated by histone acetyl transferases (HATs) that functions as acetyltransferases and aid in transferring the acetyl moiety of acetyl-CoA to lysine (K) residues on histone. In contrast, HDACs function as deacetylases and remove the acetyl moiety (20). Epigenetic modification involving acetylation is reversible (20). Previous studies as described below have demonstrated that histone acetylation regulates NKG2D ligand expression such as MICA, MICB, and ULBPs, which are critical for the activation of natural killer (NK) cells and immune surveillance against cancer cells. In a study published by Cho et al., authors found that treatment of lung cancer cells with a selective HDAC1/2 inhibitor FK228, also known as Romidepsin, led to the induction NKG2D ligands expression both at mRNA and protein level (21). This resulted in increased cytotoxicity of NCI-H23 cells to NK cells (21). Similar results were obtained when the expression of both HDAC1 or HDAC2 was inhibited, suggesting that suppressing HDAC1 and HDAC2 expression both genetically and pharmacologically leads to activation of NKG2D ligands and facilitate NK cell-mediated anti-tumor effects in lung cancer (21).

In another study published by Mormino et.al., authors demonstrated that histone deacetylase HDAC8 regulate the expression of NKG2D ligands. They further showed that pharmacological inhibition of HDAC8 using the small molecule inhibitor PCI-34051 led to the upregulation of ULBP1, H60A, and RAE1 NKG2D ligands in glioma cells by significantly increasing H3K4me3 levels, resulting in an increase in NK-mediated cytotoxicity (22). Similar observations were made in other cancer types where authors reported that treatment of Panc89 (a pancreatic carcinoma cell line) and PC-3 (a prostate carcinoma cell line) with Valproic acid (VPA), a histone deacetylase inhibitor, significantly enhanced the expression and/or release of the several NKG2D ligands such as ULBP-2, MICA, MICB (23).

Additionally, interesting results were obtained in non-small cell lung cancer (NSCLC) cell line NCI-H23 cells, where ionizing radiation and HDAC inhibitors (Apicidin, SAHA, or TSA) in combination synergistically increased both the expressions of NKG2D ligands and sensitivity of NSCLC cell line to NK cells-NK-92, enhancing tumor eardication (24). Moreover, in colon carcinoma and sarcoma cells, treatment with HDAC inhibitor Entinostat, a class I HDAC1 and HDAC3 inhibitor, led to increase in expression of NKG2D ligand MICA and MICB, enhancing cytotoxicity of NK cells against tumor cells (25). Thus, several studies have confirmed that histone acetylation/deacetylation plays a crucial role in regulating the expression of NKG2D ligand and NK cell mediated tumor clearance in multiple cancer types.

Apart from histone acetylation, histone methylation has also been shown to regulate the expression of NKG2D ligands. In a previous study by Bugide et al., it was demonstrated that Enhancer of zeste homolog 2 (EZH2), which functions as histone-lysine N-methyltransferase, serves as a transcriptional repressor of NKG2D ligands. Pharmacological or genetic inhibition of EZH2 led to an increase in the expression of NKG2D ligands and enhanced eradication of hepatocellular carcinoma (HCC) cell (16). Furthermore, Bugide et al. in another study showed that histone deacetylase 10 (HDAC10) promotes EZH2 recruitment to the chemokine (C-X-C motif) ligand 10 (CXCL10) promoter, resulting in its transcriptional repression. They further demonstrated that CXCL10 is required and sufficient to stimulate NK cell migration and this phenomenon is conserved in EZH2-dependent cancers besides HCC (17).

In a different study performed in acute myeloid leukemia (AML), screening was performed with 70 small molecular drugs in NB4 cell line, an acute promyelocytic leukemia cell line. This screening with small molecular inhibitor showed that lysine-specific demethylase 1 (LSD1) inhibitor tranylcypromine (2-PCPA) hydrochloride significantly up-regulated ULBP2/5/6 expression in the NB4 cells and increased sensitivity of NB4 cells to NK-dependent killing. LSD1 functions to demethylate mono- or di-methyl-lysine 4 or 9 of histone H3 (H3K4me1/me2 and H3K9me1/me2, respectively) by interacting with different proteins (26). This study also demonstrated significant reduction in tumor growth upon combination with human NK cells and LSD1 inhibition (27). These results highlight that methylation regulates NKG2D ligands expression, contributing to immune evasion in acute myeloid leukemia (AML).

Bromodomain and extra-terminal (BET) proteins serve as epigenetic readers of acetylated histones and are also been known to regulate the expression of NKG2D ligands. For example, previous studies have shown that inhibition of BET proteins by JQ1 and I-BET151 or selective BRD4-degrader proteolysis targeting chimera (PROTAC) (ARV-825) leads to an increase in the expression of NKG2D ligand MICA in multiple myeloma (MM) cell lines [RPMI-8226, U266, ARP-1, JJN3, SKO-007(J3)] isolated from MM patients and CD138+ MM cells. Increased expression of NKG2D ligand MICA resulted in increased NK cell-mediated cytotoxicity (28). These studies collectively confirm that various epigenetic mechanisms regulate the expression of multiple NKG2D ligand in different cancer cell types, and modulating these mechanisms offers the possibility of enhancing NK-cell based therapy for cancer treatment.





Clinical trials with NK-cells for cancer therapy

Based on the potential of NK cells to eradicate cancer cells, several clinical trials are testing their effectiveness in cancer therapy. In this phase I clinical trial, the safety and efficacy of NK cells in combination with IgG1 antibodies were examined for the treatment of advanced colorectal or gastric cancers. Adoptive NK cell therapy was utilized alongside trastuzumab- or cetuximab-based chemotherapy for the treatment. After 3 days of administration of IgG1 antibody, patients were administered NK cells three times at triweekly intervals. It was observed that there were no severe adverse effects and the combination therapy was well tolerated. Among the six tested patients, four displayed stable disease (SD) while two showed progressive disease. Notably, three out of four patients with stable disease showed a positive response to the combination therapy, with an overall decrease in tumor size. These outcomes indicate the effectiveness of this combination therapy in treating advanced colorectal or gastric patients, who have been prior treated (29).

Another clinical trial was performed in non-small-cell lung cancer (NSCLC) patients with positive epidermal growth factor receptor (EGFR) mutation. The goal of this trial was to manage acquired resistance (advanced NSCLC) to gefitinib and also extend progression free survival (PFS) in the patient. Here, the effectiveness and safety of allogenic CD8 + CD56+ Natural Killer T (NKT) cell immunotherapy in combination with gefitinib for patients with advanced NSCLC with EGFR mutations was explored (30). The results of this trial showed that the treatment used in this study could effectively delay gefitinib resistance also and enhance anti-tumor immune response leading to better clinical outcome (31). Thus, the success of this trial provides the hope for testing NKT cell immunotherapy in context of other EGFR-tyrosine kinase inhibitors (TKIs) and various other types of tumors.

In a separate phase I/IIa clinical trial in patients with stage IV non-small-cell lung cancer, the safety and efficacy of natural killer (NK) cell therapy (SNK01), which were ex vivo activated and expanded were evaluated in combination with pembrolizumab. In this trial, 18 patients with advanced non-small cell lung cancer, who previously failed frontline platinum-based therapy were randomized to receive either pembrolizumab as monotherapy or pembrolizumab in combination with SNK01. The study observed that the objective response rate (ORR) and the 1-year survival rate was higher in patients who received NK combination therapy with pembrolizumab than those who received pembrolizumab as monotherapy (ORR, 41.7% vs. 0%; 1-year survival rate, 66.7% vs. 50.0%). Additionally, the median progression-free survival (PFS) was higher in the SNK01 and pembrolizumab combination group (6.2 months vs. 1.6 months, p=0.001). These results confirm that NK cell combination therapy can be safely used for the treatment of stage IV NSCLC patients who did not respond to platinum-based therapy with least toxicity (32). Based on the success of this trial, another follow-up 2-year study was conducted to determine the long-term effectiveness of the combination therapy. In this study, 20 patients with advanced NSCLC who did not respond to prior frontline platinum-based therapy were included. Patients either received pembrolizumab alone in combination with low-dose (2 × 109cells/dose) or high-dose of SNK01 (4 × 109cells/dose), or just pembrolizumab alone as monotherapy. The results obtained were promising and showed that the 2-year survival rate was higher in the combination group compared to when pembrolizumab was used as monotherapy (58.3% versus 16.7%). They also found that although the median progression-free survival was significantly higher in patients who received pembrolizumab in combination with SNK01 than the ones who receives only pembrolizumab, overall survival, and progression-free survival did not differ between the patients who received low doses or high doses of NK cells (33).

In another trial (NCT03958097), the safety of PD-1 antibody in combination with autologous NK cells was tested for the treating non-small-cell lung cancer patients of stage IIIB/IIIC or IV who did not respond to the first-line platinum-based chemotherapy. In this research, 20 patients received both PD-1 antibody (sintilimab) and NK cells, with a median follow-up time of 22.6 months. The results showed that autologous NK in combination with sintilimab effectively promoted antitumor activity and displayed least toxicity. Thus, this trial suggested that NK cells in combination with sintilimab can be used for treating advanced, mutation-negative NSCLC patients who did not respond to the first-line treatment (34).

In another promising phase I clinical trial, fludarabine/cytarabine followed by 6 infusions of NK cells expanded from haploidentical donors was used to treat 12 patients (median age 60 years) with refractory AML (median 5 lines of prior therapy, median bone marrow blast count of 47%). In this trial, neither graft-versus-host disease (GVHD), nor any toxicity was observed in patients. Results from this study further showed that 7 out of 12 patients (58.3%) achieved response and complete remission (CR) with/without count recovery with 48 days as median time for the best response. The other 5 responding patients got haploidentical transplant from the same donor and were monitored for 52 months. The one-year overall survival (OS) for all 12 patients was observed to be 41.7%, with better outcome noted for patients who achieved a complete response with incomplete count recovery (57.14%), and for those patients who responded and underwent transplantation (60%). In conclusion, in this trial, significant response was observed in refractory AML patients with ex vivo expanded NK-cell administration without adverse effects (35).

Thus, the success of these clinical trials demonstrates that NK-cell based immunotherapies have the potential to serve as effective cancer treatment strategies either alone or in combination with other anti-cancer agents with minimal toxicity.





Future direction of NK cell therapy

Future directions in NK cell therapy research hold promise for advancing cancer treatment through personalized medicine approaches and novel combination therapies. Similar to CAR-T cells, chimeric antigen receptor (CAR) NK cells engineered to express receptors targeting specific antigens on cancer cells will be a significant progress in this direction. Further future research focusing on optimizing CAR constructs for enhanced specificity, persistence, and efficacy against various cancers can also provide significant benefit in area of cancer therapy. Moreover, tailoring NK cells through genetic editing techniques like CRISPR/Cas9 will offer new opportunities to enhance their targeting capabilities and improve immune recognition of cancer cells. Finally, developing methods to expand and activate NK cells from patients’ own immune cells could enhance efficacy and reduce immune rejection in clinical settings.

Studies have also suggested that combination therapy, whereby combining NK cells with immune checkpoint inhibitors like pembrolizumab or nivolumab, could enhance anti-tumor immune responses. Additionally, conducting trials to explore the synergistic effects of NK cell therapy with cytokines (e.g., IL-2, IL-15) or other immune stimulants to boost NK cell activity and sustain anti-tumor responses will provide beneficial outcomes. Exploring epigenetic modulators to augment NK cell cytotoxicity by enhancing NKG2D ligand expression or reducing immune evasion mechanisms in tumors will be yet another way to enhance the efficacy of NK cell-based therapy. Thus, future trials are certainly needed to explore optimal dosing of the combination agents to achieve higher efficacy with minimum toxicity in patients.

In conclusion, future research directions aimed at advancing personalized medicine approaches and novel combination therapies will help in improving treatment outcomes and providing new therapeutic options for treating patients with various types of cancer.





Conclusion

In conclusion, epigenetic changes, by regulating gene expression, play an important role in cancer initiation, progression, and determining therapeutic responses. Moreover, epigenetic modifications play key role in regulating NKG2D ligands expression, influencing NK cell-mediated tumor cell eradication. By modulating epigenetic mechanisms, novel therapeutic strategies can be developed to enhance NK cell activity and improve cancer treatment outcomes. Current clinical trials exploring NK cell-based immunotherapy have shown encouraging results, demonstrating both safety and efficacy across various cancer types. Therefore, future treatments employing the combination of epigenetic modulators with NK cell-based immunotherapy will hold great promise and may discover new avenues for personalized and targeted therapeutic approaches. Continued research and clinical trials to advance personalized medicine approaches and novel combination therapies with NK cell holds will undoubtedly lead to further advancements in cancer therapy and improve patient outcomes.
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Background

Glioblastoma (GBM) is one of the common malignant tumors of the central nervous system (CNS), characterized by rapid proliferation, heterogeneity, aggressiveness, proneness to recurrence after surgery, and poor prognosis. There is increasing evidence that tumorigenesis is inextricably linked to immune escape, and immunotherapy is undoubtedly an important complement to clinical treatment options for GBM, and will be a focus and hot topic in GBM treatment research. The purpose of this study was to visualize and analyze the scientific results and research trends of immunotherapy for GBM.





Methods

Publications concerning immunotherapy for GBM were retrieved from the Web of Science Core Collection (WOScc) database. Bibliometric and visual analysis was performed mainly using CiteSpace and R software, and the Online Analysis Platform of Literature Metrology (https://bibliometric.com/app) for countries/regions, authors, journals, references and keywords related to publications in the field.





Results

Among totally 3491 publications retrieved in this field, 1613 publications were finally obtained according to the screening criteria, including 1007 articles (62.43%) and 606 reviews (37.57%). The number of publications increased year by year, with an average growth rate (AGR) of 17.41%. Such a number was the largest in the USA (717, 44.45%), followed by China (283, 17.55%), and the USA showed the strongest international collaboration. Among the research institutions, Duke Univ (94, 5.83%) was the largest publisher in the field, followed by Harvard Med Sch (70, 4.34%). In addition, the most prolific authors in this field were OHN H SAMPSON (51) and MICHAEL LIM (43), and the degree of collaboration (DC) between authors was 98.26%. Among the co-cited authors, STUPP R (805) was the most cited author, followed by REARDON DA (448). The journal with the most published publications was FRONTIERS IN IMMUNOLOGY (75), and the most cited journal in terms of co-citation was CLIN CANCER RES (1322), followed by CANCER RES (1230). The high-frequency keyword included glioblastoma (672) and immunotherapy (377). Cluster analysis was performed on the basis of keyword co-occurrence analysis, yielding 17 clusters, based on which the current research status and future trends in the field of immunotherapy for GBM were identified.





Conclusion

Immunotherapy is currently a novel treatment strategy for GBM that has attracted much attention. In the future, it is necessary to strengthen cooperation and exchanges between countries and institutions towards relevant research to promote the development of this field. Immunotherapy is expected to be an important part of the future treatment strategy for GBM, and it has already become a hot spot of current research and will be the key focus of future research.
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1 Introduction

Glioma is the most common primary intracranial malignant tumor arising in adults, and it is difficult to be cured by surgical resection alone. Even treated by surgical resection combined with radiotherapy and chemotherapy, some tumor patients still display a poor prognosis and a high recurrence rate (1). Among all types of gliomas, GBM exhibits the highest degree of malignancy, with a 5-year survival rate of only 5%. In addition, GBM is characterized by high cellular and molecular heterogeneity, and stronger proliferation and invasion abilities (2). The last decade has witnessed dramatic progress in immunotherapy in the treatment of many solid tumors. In particular, immune checkpoint inhibitors (ICIs) have achieved satisfactory results in the treatment of solid tumors such as melanoma (3) and non-small cell lung cancer (NSCLC) (4). ICI molecules such as cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death receptor-1 (PD-1) have been approved for the treatment of various types of cancers and unprecedentedly prolonged the survival of patients (5). In the past, immunosuppressive cells within the glioma tumor microenvironment (TME) were thought to prevent immunotherapy from functioning (6), and the blood-brain barrier (BBB), serving as a physical and biochemical barrier, prevented therapeutic agents from entering the intracranial region (7). In addition, the central nervous system (CNS) has generally been considered an “immunologically privileged” site, which limits the effectiveness of immunotherapy for GBM.

The BBB, an important communication interface between the brain and the rest of the body, has long been thought to play a role in neurological disorders. Girolamo F et al. (8) reported the abnormal functions of forebrain pericytes during angiogenesis and barrier genesis and loss of BBB integrity directly contributes to the development of a variety of diseases. Previous studies have demonstrated that metabolic overload and associated systemic hypo-inflammation directly compromise BBB integrity by increasing paracellular permeability and decreasing trans-endothelial electrical resistance (TEER) to impair BBB function (9), suggesting that the cerebral vascular system is also an important pathological target. McArthur S et al. (10) proposed that treatment with Annexin A1 (ANXA1), a major regulator of BBB integrity and function, could be an effective therapeutic strategy. Therefore, focusing on the role of ANXA1 in the vasculature of the CNS may facilitate an in-depth understanding and the development of new therapeutic options. P-glycoprotein (P-gp) is a 170-kDa transmembrane glycoprotein that acts as an efflux pump and confers multidrug resistance (MDR) in normal tissues and tumors, including neural tissues and brain tumors. Tumor perivascular astrocytes may dedifferentiate and restore progenitor-like P-gp activity to become MDR cells, contributing to the MDR profile of GBM vessels together with perivascular P-gp expressing glioma stem like cells (GSCs) (11). Moreover, multiple cellular sources in the GBM vasculature may be associated with P-gp-mediated chemoresistance and may be accountable for GBM treatment failure and tumor recurrence. In addition, microglia not only appear in and around brain tumors but also contribute significantly to the actual tumor mass (12), with evidence that the behavior of microglia is controlled by tumor cells, supporting their growth and infiltration. Recent data demonstrate that neurons synapse directly onto glioma cells and drive their proliferation and spread through glutamatergic action. Microglia, as CNS-resident myeloid cells, can regulate glioma growth, prune synapses and promote synapse formation (8). Errede M et al. (13) by analyzing the cellular origin of chemokine CCL2, a molecule involved in immune cell recruitment and BBB-microvascular leakage, showedan increase in microglia is the hallmark of encephalomyelitis (EAE) in the mouse neocortex, which is characterized by a high CCL2 expression level. Therefore, targeting molecules in the GBM microenvironment and the oncogenic activity of microglia can help manage and slow down the growth of refractory high-grade gliomas.In recent years, it has been found that the CNS can deliver antigens through various pathways such as lymphatic reflux and crossing the BBB, and recruit immune cells into brain tissues and tumors in the event of gliomas, indicating that gliomas have a physiological structural basis for immunotherapy (14). The meninges, the plasma membrane structures surrounding the CNS, and contain a wide reservoir of immune cells, and the meningeal lymphatics are a key pathway for cerebrospinal fluid (CSF) to enter the peripheral blood, where they provide immune surveillance of brain tissues (15, 16). The brain is connected to the peripheral immune system through the meningeal lymphatics (17), and this important finding makes immunotherapy the most promising therapeutic strategy for GBM. Recently, the presence of lymph node-like structures, called tertiary lymphoid structures (TLS), has been confirmed in patients with gliomas, but not in healthy individuals (18). TLS contain all the components needed to support on-site lymphocyte activation, which implies that they may positively influence the anti-tumor immune response. In addition, it has been revealed that immunotherapy can regulate the formation of TLS in the brain, providing exciting opportunities to find new ways to regulate the anti-tumor immune response in gliomas. With a comprehensive delineation of the unique immunobiology of gliomas, immunotherapy for gliomas will be fundamentally reshaped.

At present, immunotherapy is the focus of numerous preclinical studies and clinical trials on GBM are focused on. ICIs include PD-1, PD-L1, and CTLA-4 inhibitors, and preclinical studies have shown their promise in the treatment of GBM (19). In a randomized, multi-institutional clinical trial, 35 patients with recurrent, surgically resectable GBM, patients who were randomized to receive neoadjuvant pembrolizumab followed by postoperative adjuvant pembrolizumab therapy had an extended median overall survival (OS) compared those who received postoperative adjuvant pembrolizumab therapy alone (14 months vs. 7.6 months), and OS also showed the same trend (20). This result indicates that neoadjuvant administration of PD-1 blockade enhances local and systemic antitumor immune responses and may represent a more effective treatment for this lethal brain tumor. In June 2020, the Food and Drug Administration (FDA) approved pembrolizumab for the pan-cancer treatment of patients with solid tumors including gliomas of the CNS, showing high tumor mutation burden (TMB-high), defined as ≥ 10 mutations per megabase (mut/mb) (21),. A phase I clinical trial on recurrent GBM (rGBM) confirmed that perioperative intravenous administration of ipilimumab (IPI, a CTLA-4 inhibitor) ± nivolumab (NIVO, a PD-1 inhibitor) in rGBM was safe, and exploratory findings merit further investigation of immunotherapy for GBM (22). Rindopepimut (also known as CDX-110), a vaccine targeting the epidermal growth factor receptor (EGFR) deletion mutation EGFRvIII, has received drug approval from the US FDA for the breakthrough treatment of EGFRvIII-positive gliomas in adult patients (23). In an open-label, first-in-human trial evaluating the safety and therapeutic potential of cytomegalovirus-specific (CMV-specific) adoptive cellular therapy (ACT) in the adjuvant treatment of patients with primary GBM, the data obtained suggest that CMV-specific ACT can be a safe adjuvant therapy for primary GBM and, if performed before recurrence, this therapy may improve OS of GBM patients (24). Intratumoral infusion of nonpathogenic polio-rhinovirus chimera (PVSRIPO) in patients with rGBMdemonstrated no potential neurotoxicity. Patients receiving PVSRIPO immunotherapy had higher survival rates at 24 and 36 months than historical controls (25). Although some small-scale studies have reported that glioma patients can benefit from immunotherapy to varying degrees, there remain challenges requiring more in-depth studies and clinical trials. The rapidly developing immunomics, genomics, sequencing technologies, and ICIs have created new opportunities for immunotherapy, one of the important adjuvant therapies for gliomas. Meanwhile, the evolving nanotechnology (26) enable the targeting of tumor sites across the BBB, which may also bring new possibilities for immunotherapy for gliomas.

Bibliometrics is the discipline that applies mathematical and statistical methods to the study of books and other communication media (27), allowing for the qualitative and quantitative evaluation of trends in literature research. Bibliometric methods and tools can be used to analyze a larger volume of literature data from a more macroscopic perspective in order to accurately grasp the development trend and research hotspots in a field and provide reference for the research of researchers in related fields. This study uses bibliometric tools to measure and visualize the publications in this field in the last decade in order to understand the current status and trends of research in this field and to provide a scientific reference for the researchers working on immunotherapy for GBM.




2 Materials and methods



2.1 Data source

The Web of Science Core Collection (WOScc) online database is an important database for global access to scholarly journals and considered to be the best database for bibliometric analysis (28). In July 2022, literature related to immunotherapy for GBM was searched on WOScc, with the time span from 2012 to July 2022. The search strategy was: TS = (glioblastoma* OR “glioblastoma multiform*” OR “ malignant glioma” OR “brain cancer” OR gliosarcoma OR spongioblastoma) AND TS = (Immunotherapy OR Immunotherapies OR immunotherapeutic). Literature inclusion criteria: (1) literature with immunotherapy for GBM as the research topic; (2) articles and reviews; (3) literature published in English. Literature exclusion criteria: (1) Literature irrelevant to immunotherapy for GBM; (2) conference abstracts, news, case studies, bioinformatic analysis without experimental validation, etc.; (3) literature that was not available in full-text format. To ensure the quality of the search, the literature obtained was evaluated by two reviewers, and any disagreements were resolved through discussion until consensus was reached. Flowchart of the literature selection process is shown in Figure 1.




Figure 1 | Flowchart of the literature selection process.






2.2 Analysis method

Bibliometrics analysis and visualization of literature in related fields were performed primarily through CiteSpace (version 5.8.R3) and R (version 4.1.3) software, as well as the online analysis platform of literature metrology (https://bibliometric.com/app), using Microsoft Excel 2019 for data management. CiteSpace software, developed by Prof. Chaomei Chen as a literature visualization tool, was designed to mine literature data and visualize the evolution of a knowledge domain in the form of a map (29). Betweenness centrality is an important parameter in CiteSpace. In general, centrality ≥ 0.1 is considered an important node, and CiteSpace will also mark it with a purple circle. The “bibliometrix” package in R software was used to visualize and analyze journals. Bibliographic data are exported from the WOS database in plain the text format, with full records and cited refercnces, 1,000 records at a time, and saved in a folder. Import the file into CiteSpace or R software through the “File”->“Import” menu to analyse and process the data and output the visualisation maps. The online analysis platform of literature metrology was developed by Chinese scholars for the integral literature analysis, partnership analysis, subject and journal analysis, keyword analysis, and citation network analysis. Moreover, the bibliometric online analysis platform was adopted to analyze country/region collaborations.




2.3 Statistical analysis

Statistical data were processed using SPSS (IBM SPSS Statistics 27). p<0.05 indicated a statistically significant difference.





3 Results



3.1 Publishing trend

A total of 3491 publications concerning immunotherapy for GBM published from 2012 to July 2022 were retrieved from WOScc, and 1613 articles (62.43%) and 606 reviews (37.57%) were finally filtered based on the set search criteria. Figure 2 shows the annual publication volume from 2012 to July 2022. The number of publications was almost stable from 2012 to 2015, with a steady increase from 2016 to 2021. The annual publications exceeded 200 in 2019 and 335 in 2020, and the average growth rate (AGR) was 17.41% from 2012 to 2021. Furthermore, the compound annual growth rate (CAGR) of publications (30) gradually increased from 35.01% in 2013 to 40.07% in 2016, before decreasing to 33.58% in 2021 (Supplementary Table S1; Supplementary Figure S1A). This indicates that the CAGR is basically on a downward trend, although the annual production is increasing year by year. As illustrated in Supplementary Table S2; Supplementary Figure S1B, the relative growth rate (RGR) decreased from 2013 (60.04%) to 2021 (26.71%). A direct equivalence relation existed between RGR and doubling time (DT) (30), and the DT increased from 1.15 in 2013 to 2.59 in 2021 (Supplementary Table S2; Supplementary Figure S1C). In addition, the correlation between publications and citations was determined by Pearson correlation analysis, and a p-value < 0.05 was considered as a significant correlation. The results of this analysis showed a high positive correlation between publications and citations (r=0.973, p<0.001).




Figure 2 | Annual number of publications in the relevant literature from 2012 to July 2022.






3.2 Countries/regions and institutions

A total of 1613 publications from 1868 institutions in 54 different countries/regions were retrieved based on the search criteria. The number of publications was the largest in USA (717, 44.45%), followed by China (283, 17.55%), which were much higher than other countries/regions (Supplementary Table S3). The intensity of international cooperation of countries was analyzed using the “bibliometrix” package of the R software. Multiple country publications (MCP) refer to publications with at least one co-author from a different country, while single country publications (SCP) refer to publications with co-authors from a single country. The largest number of MCP was from USA (146), with an MCP-Ratio of 20.36%, followed by China (39) with an MCP-Ratio of 13.49% (Supplementary Table S3; Figure 3A), indicating that USA has the highest intensity of international cooperation, followed by China. Further, online analysis platform of literature metrology was used to visualize the inter-country cooperation. Figure 3B shows the inter-country cooperation network. It was found that the USA cooperated most closely with other countries, and the countries with the most cooperation included China, South Korea and Switzerland, followed by Germany.




Figure 3 | (A) International collaboration intensity of a country with relevant publications. (B) Inter-country cooperation relations for related publications. (C) Cooperation mapping between related publication institutions.



The research institution with the most publications was Duke Univ (94 articles, 5.83%), followed by Harvard Med Sch (70 articles, 4.34%). Among these institutions, Duke Univ and Univ Calif Los Angeles showed the highest centrality (0.13), followed by Univ Texas MD Anderson Canc Ctr and German Canc Res Ctr, with the centrality of 0.11 (Table 1). In the CiteSpace visualization atlas, each circle represents an institution, the size of the circle indicates the number of publications of the institution, the connecting lines between the circles indicate the cooperation between institutions, the nodes with high centrality are shown as purple rings, and the thickness of the purple rings depicts the value of centrality in size (Figure 3C).


Table 1 | Top 10 institutions for related publications.






3.3 Authors and co-cited authors

A total of 8503 researchers participated in the publication of the relevant literature. JOHN H SAMPSON (51) and MICHAEL LIM (43) published the largest number of publications, followed by DAVID A REARDON (29), DUANE A MITCHELL (27) and HIDEHO OKADA (25). The top 10 authors had the highest centrality in MICHAEL LIM (0.21), followed by AMY B HEIMBERGER (0.18) (Supplementary Table S4). The degree of cooperation (DC) between authors was 98.26% (30). Figure 4A shows the visual analysis map of author cooperation network, where each circle node represents an author (the larger the node, the more the publications), the line between the nodes represents the connection between authors (the thicker the line, the closer the cooperation), and the purple circle outside the node marks the higher centrality.




Figure 4 | (A) CiteSpace visualization maps of the authors of related publications. (B) CiteSpace visualization maps of co-cited authors of related publications.



The co-citation of documents was previously used as a measure of the relatedness between documents. Later, co-citation was introduced to the author dimension, and the method of author co-citation analysis (ACA) was developed, by which a co-citation relationship constituted by two or more authors cited by one or more publications at the same time can be analyzed (31). Among the co-cited authors, STUPP R (805) was the most cited author, followed by REARDON DA (448), SAMPSON JH (432). FECCI PE (0.1) had the highest centrality among the top ten co-cited authors (Supplementary Table S4). A clinical study led by Professor Stupp demonstrated that temozolomide (TMZ) combined with radiotherapy prolonged the survival of adult GBM patients, and the Stupp protocol of simultaneous radiotherapy for gliomas, named after the professor, was then widely used in the clinic to date (32). Figure 4B shows a visual network map of the relationship between co-cited authors.




3.4 Journals and co-cited journals

The “bibliometrix” package in R software was used to visualize and analyze the source journals of the publications. FRONTIERS IN IMMUNOLOGY was the journal with the largest number of publications (75), followed by JOURNAL OF NEURO-ONCOLOGY (58). As shown in Supplementary Figure S2A, 7 journals had more than 50 publications. Among the top 10 academic journals, CLINICAL CANCER RESEARCH (13.801) displayed the highest impact factor (IF) (Table 2). Among the 826 co-cited journals, the most cited journal was CLIN CANCER RES (1322), followed by CANCER RES (1230) (Table 3). CANCER RES had the highest centrality (0.2), indicating its high influence in this research field. Journal co-citation reflects the correlation between various journals and disciplines. Figure 5A shows the CiteSpace visualization map of co-cited journals, where the size of the circle represents the frequency of co-citation, and the purple circle indicates the higher centrality.


Table 2 | Top 10 source journals for related publications.




Table 3 | Top 10 co-cited journals of related publications.






Figure 5 | (A) CiteSpace visualization maps of co-cited journals of related publications. (B) The dual-map overlay of journals of related publications.



The dual-map overlay of journals displays information about the distribution, citation trajectory, and shift of gravity of publications across disciplines (33). The left side shows the distribution of citing journals, while the right side displays the distribution of cited journals. In Figure 5B, the colored paths indicate the cited relationships. Among them, the yellow paths indicate that literature published in molecular/biology/immunology journals is frequently cited by molecular/biology/genetics journals, and green paths indicate that literature published in molecular/medical/clinical journals is frequently cited in molecular/biological/genetics journals.




3.5 Co-cited references and citation burst analysis

Table 4 lists the top 10 co-cited references out of 983 co-cited references. Figure 6 shows a visualization of the co-cited references. O’Rourke DM et al. (34) published the article ‘‘A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive resistance in patients with recurrent glioblastoma’’, which was the most frequently cited article (203), reporting a first-in-human study of intravenous delivery of a single dose of autologous T cells redirected to the EGFRvIII mutation by a chimeric antigen receptor (CAR). The results revealed that the treatment for the first 10 patients with GBM showed feasibility and safety. In addition, ‘‘Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy’’, the study of Brown CE et al. (35) evaluated the role of intracranial CAR T-cell therapy targeting interleukin-13 receptor alpha 2 (IL13Rα2) in patients with malignant gliomas. This study provides initial evidence for the safety and antitumor activity of CAR T-cell immunotherapy in patients with malignant brain tumors. Moreover, the titles of the top 10 co-cited references, demonstrated that the corresponding research involved CAR T-Cell Therapy, neoadjuvant immunotherapy, randomized clinical trials, immunotherapy for rGBM, and ICIs.


Table 4 | Top 10 co-cited references of related publications.






Figure 6 | Visualization mapping of co-cited references of related publications.



Citation burst analysis identifies literature that has been of interest to researchers in related fields over time. According to the strongest citation burst (Supplementary Figure S3), the first citation burst started in 2012, with a citation burst strength of 16.99-40.52 for the first 25 references. Among them, the reference with the strongest citation burst was published by Sampson JH et al. (36) in the journal “J Clin Oncol”. This phase II, multicenter, prospective trial was conducted to assess the immunogenicity of an EGFRvIII-targeted peptide vaccine and to estimate progression-free survival (PFS) from vaccination and histologic diagnosis in patients newly diagnosed with GBM who expressed EGFRvIII. The findings of this trial warrant investigation in a phase III randomized trial. The two references with the citation burst from 2020 to date are both studies on neoadjuvant immunotherapy for gliomas (20, 37).




3.6 Keyword co-occurrence clustering and time zone analysis

Keywords are the subject of research content, and the co-occurrence analysis of keywords can summarize the research hotspots in a specific field. Supplementary Table S5 shows the top 10 keywords that emerged frequently in studies related to immunotherapy for GBM, including glioblastoma (672), immunotherapy (377), expression (322), temozolomide (273), cancer (261), T cell (212), survival (178), glioma (173), central nervous system (167), and regulatory T cell (152), indicating that they are the current research hotspots related to immunotherapy for GBM. In the visualization map of keyword co-occurrence, there are 461 nodes and 775 lines (Figure 7). Each node corresponded to a keyword, and larger nodes indicated higher frequency. Besides, the number of links between nodes and distance between nodes reflected the tightness between keywords. Further clustering analysis of keywords based on keyword co-occurrence analysis reflected the hot research directions in this field. Supplementary Figure S4A shows the visualization map of the clustering of keywords, mainly including regulatory T cell, macrophage, peptide vaccination, PD-1, CD8(+), chimeric antigen receptor, innate immunity, phase II trial, tumor microenvironment, tumor heterogeneity, immunotherapy, IDH mutation, glioma, natural killer cell, survival, and resistance 17 clusters. Furthermore, keyword time zone map analysis was conducted to reveal the keywords as time zones according to the time when the keywords first appeared, further showing the time zone evolution of the keywords (Supplementary Figure S4B).




Figure 7 | Visualization map of keyword co-occurrence for related publications.



Keyword burst analysis reveals the phase and duration of research hotspots in a field. Herein, the keyword burst map showed the burst strength of the top 25 keywords (Supplementary Figure S4C), where the blue line indicated the time line, and the red part of the blue time line indicated the burst duration. Among the 25 keywords, nivolumab (6.76) had the highest burst strength, followed by recurrent glioma (6.19); antitumor immunity was the keyword with the longest burst duration; double blind and resistance were the keywords with the burst from 2020 to date.





4 Discussion



4.1 General information

Trends in publications indicate the dynamics of research in a field. Here, Figure 2 shows that the number of GBM immunotherapy-related publications is on the rise, with an AGR of 17.41% from 2012 to 2021. The number of publications by countries/regions and research institutions provided an objective indication of the scientific level and influence of the relevant research field. The largest number of publications was from USA (717, 44.45%), followed by China (283, 17.55%), indicating that USA and China, the main scientific exporters in this research field, have contributed significantly to the development of the field. The analysis of the intensity of international cooperation and partnership networks of countries revealed that USA cooperated most closely with other countries, while there was less cooperation between other research countries. Therefore, it is necessary to strengthen the research cooperation between countries and enhance international exchange in future research to promote the development of the field. Among the 8503 researchers, JOHN H SAMPSON published the most papers (51), followed by MICHAEL LIM (43). Among the top 10 authors, MICHAEL LIM had the highest centrality (0.21), followed by AMY B HEIMBERGER (0.18), which demonstrated their great contribution to the development of the field. Most of Sampson JH’s publications were reviews or clinical trial studies on immunotherapy for gliomas. A snapshot of the current GBM clinical trial landscape is provided in a review that offers valuable suggestions for optimizing clinical trial protocols for GBM (38). STUPP R (805) was the most cited author, and the protocol of simultaneous radiotherapy for gliomas named after Stupp is widely used in clinical practice today (32).

The IF of journals is an important indicator to evaluate the academic influence of journals. The largest number of publications appeared in FRONTIERS IN IMMUNOLOGY (75), followed by JOURNAL OF NEURO-ONCOLOGY (58), and among the top 10 academic journals, CLINICAL CANCER RESEARCH had the highest IF (13.801) (Table 2), showing that these journals have a certain influence in immunotherapy for GBM. A dual-map overlay of journals shows that literature published in molecular/biology/immunology journals is frequently cited in molecular/biology/genetics journals. The reference co-citation analysis identifies important publications that form part of the research clustering themes in related fields. According to the top 10 co-cited references, the main research directions in the field included CAR T-Cell Therapy, neoadjuvant immunotherapy, randomized clinical trials, immunotherapy for rGBM, and ICIs. The reference with the highest citation burst strength was reported by Sampson JH et al. (36), which was a phase II, multicenter, prospective trial conducted to assess the immunogenicity of an EGFRvIII-targeted peptide vaccine and to estimate progression-free survival (PFS) from vaccination and histologic diagnosis in patients newly diagnosed with GBM who expressed EGFRvIII. The two references with the citation burst to date are studies on neoadjuvant immunotherapy for gliomas.




4.2 Research hotspots

Keywords represent the content of the literature, and the analysis of the frequency of keywords directly reflects the research hotspots and development trends in a certain subject field. The top 10 high-frequency keywords from publications related to immunotherapy for GBM included glioblastoma (672), immunotherapy (377), expression (322), temozolomide (273), cancer (261), T cell (212), survival (178), glioma (173), central nervous system (167), and regulatory T cell (152). Cluster analysis was performed based on keyword co-occurrence analysis, and 17 clusters were finally established, mainly including regulatory T cell, macrophage, peptide vaccination, PD-1, CD8(+), chimeric antigen receptor, innate immunity, phase II trial, tumor microenvironment, tumor heterogeneity, immunotherapy, IDH mutation, glioma, natural killer cell, survival, and resistance. This analysis identified the current research hotspots and possible future trends in immunotherapy for GBM. The main contents are as follows:



4.2.1 Possibility of immunotherapy for GBM

Immunotherapy is treatment that uses a patient’s immune system fight malignant tumors. In 1891, William B. Coley, a bone sarcoma surgeon, carried out the study of immunotherapy for the treatment of malignant tumors for the first time. Coley injected streptococcal organisms into a cancer patient to cause erysipelas and stimulate the immune system. The patient’s tumor disappeared, presumably because of an attack by the immune system. Since then, Coley began the lifelong study of immunotherapy, later making him known as the ‘‘Father of Immunotherapy’’ (39). However, the CNS had long been regarded as an immune privileged system for many years, referring to the lack of specialized lymphatic channels in the brain. The concept of immune privilege was based on the original experimental data reported by Peter Medawar 50 years ago, which showed that foreign cells implanted in rodent brains were successfully transplanted, whereas the same cells were eliminated by the host immune system when placed in peripheral tissues (40). Until 2015, Louveau et al. (17) found functional lymphatic vessels within the dural sinus in their search for channels for T cells to enter and exit the meninges. These structures show all the molecular characteristics of lymphatic endothelial cells. They are capable of carrying both fluid and immune cells from the CSF, and connecting deep cervical lymph nodes. This finding suggests that the current dogma on brain tolerance and immune privilege is being revisited, and casts new light to the treatment of gliomas. Although the brain is an immunologically privileged site, the immune microenvironment offers the possibility of implementing immunotherapy for brain tumors. TLS are ectopic lymphoid formations arising in inflamed, infected, or tumoral tissues. They exhibit all the characteristics of structures in the lymph nodes (LN) associated with the generation of an adaptive immune response, including a T cell zone with mature dendritic cells (DC), a germinal center with follicular dendritic cells (FDC) and proliferating B cells (41). In tumors, TLS is thought to provide an alternative to tumor-draining lymph nodes as a site for antigen expression and activation of nascent T cells. Recent studies have demonstrated that the immunostimulatory agonistic CD40 antibody (αCD40) induces the formation of TLS near meningeal tissues in preclinical glioma models. Studies have revealed that the TLS is present in human gliomas and is associated with an increasing number of intratumoral T cells in GBM, suggesting an association between TLS and the regulation of immune responses in glioma patients (18). TLS in the brain can be manipulated therapeutically, probably triggering or suppressing immune responses. As immunotherapy faces many difficulties and challenges, current research continues to explore the immune basis for effective treatment of gliomas, which provides a strong basis for the development of novel therapeutic strategies in the future.




4.2.2 The unique immune environment of GBM

Over the past decade, immunotherapy has dramatically changed the clinical outcome of tumors. However, this promising immunotherapy has encountered serious challenges when applied in the treatment of gliomas, mainly due to the presence of the BBB and the immunosuppressive character of the TME. The BBB serves as an important protective barrier for the brain, controlling the exchange of substances between the blood and the CNS, and maintaining homeostasis within the CNS (42). Meanwhile, the BBB also provides a physical and biochemical barrier for drugs to enter the brain. The tight junctions and adhesions between the endothelial cells of the brain capillaries prevent intercellular diffusion, and molecules from the blood can only enter the brain through the luminal and plasma membranes of the endothelial cells (43). This physical barrier obviously limits the efficiency of intracranial antitumor drug delivery and intra-tumor aggregation. Numerous studies have been conducted to develop novel strategies for delivering therapeutics across the BBB, including focused ultrasound (FUS) (44) and nanotherapeutic drug delivery systems (NDDS) (45). Therefore, priorities in future research should be put on the immune access of the CNS −BBB and new ways to enhance the delivery efficiency and intra-tumor aggregation of immunotherapeutic drugs and to improve the effectiveness of GBM immunotherapy.

With the negative results reported in the CheckMate 143 trial in nivolumab-treated patients with first recurrence of GBM (46), many observers have been convinced that GBM is an immunologically typical “cold tumor”, characterized by low T-cell infiltration. To investigate the immunobiology of GBM in the clinical setting, Hao C et al. (47) found that immunohistochemistry in GBM showed sparse T lymphocyte infiltrates and abundant microglia. This phenomenon suggests an “immunosuppressed state” in GBM and may be the reason for the therapeutic failure of immunotherapy in such tumors. The immunosuppressive properties of the GBM TME significantly inhibits T-cell infiltration and activation, and such a unique microenvironment stimulates tumor cell growth and invasion. On the one hand, immunosuppressive factors, such as PD-1 and indoleamine 2,3-dioxygenase (IDO), are highly expressed in glioma cells, which limit antigen presentation. Gliomas express immunosuppressive ligands on the cell surface, including the co-stimulatory molecule B7-homolog 1 (B7-H1), also known as programmed death ligand 1 (PD-L1) (48). Loss of the tumor suppressor phosphatase and tensin homolog (PTEN) enhances phosphoinositide-3 kinase (PI3K) activity and increases surface expression of B7-H1 in glioma cells (49). This ligand can bind to and stimulate the PD-1 receptor on activated T cells resulting in T cell quiescence and apoptosis (50, 51). Several studies have shown that PD-L1 is highly expressed in GBM cells (52), and combined checkpoint blockade immunotherapy has shown good efficacy in preclinical GBM mouse models (53). However, uncertainty remains regarding the clinical efficacy of PD-1/PD-L1 checkpoint blockade in GBM. Previous studies have shown that the PD-1/PD-L1 pathway plays a role in the malignant biological behavior of GBM, but other molecular signaling networks also play an indispensable role. As demonstrated by a study of Wainwright DA et al. (19), GBM cells express IDO enzymes that can catalyze the rate-limiting step in the catabolism of tryptophan to kynurenine−a pathway that is involved in T cell immune tolerance and immunosuppression. Therefore, there is an urgent need to explore effective sub-targeted combination therapies in TME to improve the clinical response to immunotherapy for GBM.

On the other hand, the glioma microenvironment contains a large population of immunosuppressive cells, mainly including tumor-associated macrophages (TAMs) and regulatory T cells (Tregs). In GBM, TAMs include resident parenchymal microglia, perivascular macrophages and peripheral monocyte-derived cells that are recruited by GBM to release growth factors and cytokines that affect tumors (54), and TAM recruited to tumor sites can be reprogrammed by GBM cells, leading to ineffective antitumor responses (55). Past evidence suggests that context-dependent symbiotic interactions between cancer cells and TAMs are critical for GBM tumor growth through the regulation of different cytokines, chemokines, metabolites, and other factors (56). In addition, TAMs secrete interleukin-10 (IL-10) (57) and transforming growth factor β (TGF-β) (58), which reduce the activity of immune cells in the organism and provide a favorable environment for tumor growth. Tregs have been identified as a pro-tumor subpopulation of CD4+ T cells in GBM tumor tissues and the circulatory system, which can direct cytotoxic T lymphocytes (CTLs) by suppressing tumor cell immune responses (59). Moreover, gliomas exhibit a low tumor mutational burden (TML) (60) and high intra-tumor heterogeneity (61), which are also barriers to immunotherapy for GBM. Such an immune environment leads to the inability of immunotherapy to achieve similar outcomes as other tumors in the treatment of GBM. Decades of efforts to target immunotherapy for GBM have yielded limited outcomes. Further research should focus on the immune microenvironment of GBM, constantly explore new tumor-associated and tumor-specific antigens, and address the immunosuppressive properties of tumors, thus advancing future immunotherapy for GBM.




4.2.3 Current status and trends of immunotherapy for GBM

There are currently more than 80 clinical trials available to evaluate the effects of immunotherapies for GBM (62), and several relevant studies have shown the potential of these immunotherapies for GBM. ICIs represent the most widely studied category of immunotherapies for GBM, including the PD-1, PDL-1 and CTLA-4 signaling pathways, which have shown promising responses in a variety of tumors (63). PD-L1 is highly expressed in GBM, making it an attractive potential target for immunotherapy trials (52). The CheckMate 143 trial was the first extensive evaluation of the efficacy of PD-1/PD-L1 immunotherapy for GBM, which assessed the efficacy of nivolumab (an anti-PD-1 monoclonal antibody) or bevacizumab in 369 patients with rGBM (64). The results showed that there was no significant difference in median OS between the two groups (9.8 months for nivolumab vs. 10.0 months for bevacizumab), but the objective response rate to treatment was higher in the bevacizumab group than that in the nivolumab group. Two recent trials, namely, CheckMate 548 trial and Checkmate 498 trial evaluated the role of nivolumab in newly diagnosed GBM. Patients received standard therapy (RT+TMZ) or standard therapy + nivolumab in Checkmate 548 trial (65), received RT+TMZ or RT + nivolumab in Checkmate 498 trial (66). The results of these two trials manifested that combination immunotherapy did not prolong the survival of GBM patients. In addition, some preclinical and clinical data show that the administration of dexamethasone alongside anti-PD-1 therapy decreases the survival of GBM patients in a dose-dependent manner (67). Dexamethasone reduces T-lymphocyte count by promoting apoptosis, in addition to decreasing lymphocyte functional capacity. Although some GBM patients are receiving long-term dexamethasone therapy for tumor invasion or radiation therapy-related brain edema, the physiological effects of steroids must be addressed in future clinical trials.

CTLA-4, also known as CD152, is a high-affinity receptor for B7 that induces negative costimulatory signaling on activated T cells (68). The CTLA-4 inhibitor, ipilimumab, is currently in clinical trials in GBM including NCT04323046, NCT04396860, NCT04817254 (69). A phase I clinical trial investigated the intracerebral (IC) administration of ipilimumab (IPI) and nivolumab (NIVO) in combination with intravenous administration of NIVO (70). The results showed that IC administration of NIVO and IPI following maximal safe resection of rGBM was feasible, safe, and associated with a prolonged OS. It is evident that ICIs hold great promise in the treatment of primary and recurrent brain tumors and treatment-induced immune-related adverse events (IrAEs) (71). An interim result reported from a phase I/II clinical trial [NCT03174197] of the PD-L1 antagonist atezolizumab with TMZ and RT showed that more than half of the patients enrolled had Grade 3 or higher adverse events that were likely related to treatment (72). In the future, increased awareness of the risks associated with ICIs and combination therapies will be essential to support treatment decisions.

Cancer vaccines work by exposing tumor-associated antigens to antigen-presenting cells (APCs), which activate immune effector cells to achieve an anti-cancer immune response. GBM-specific targets are scarce, but several targets have been identified that are specifically expressed or abundant in tumor cells, including EGFRvIII, which is a mutant version of the EGFR receptor. The cytomegalovirus (CMV) tegument phosphoprotein 65 (pp65) and IDH1 (R132H)-mutant peptides are frequently and specifically expressed in GBM (73–75). Rindopepimut (CDX-110) is a peptide vaccine that targets EGFRvIII, consisting of a unique EGFRvIII peptide sequence conjugated to keyhole limpet hemocyanin that serves as an adjuvant and activates both the humoral and cellular immunity (76). The phase II trial (36) and phase III trial (77) on EGFRvIII-targeted peptide vaccine showed improved PFS and OS compared to historical cohorts, and patients could be safely treated with Rindopepimut for a longer period. The results of the recently reported double-blind randomized phase II trial of Rindopepimut with Bevacizumab for patients with relapsed EGFRvIII-expressing glioblastoma (ReACT) showed longer OS and better overall response rates in patients receiving the peptide vaccine compared with placebo (78), suggesting a possible synergy between Rindopepimut with Bevacizumab. In future studies, the therapeutic strategy that combines Rindopepimut with other immunotherapies to improve the efficacy of GBM can continue to attract wide attention. In addition, multi-targeted vaccines that initiate immune responses to multiple tumor-associated antigens may better address intra-tumor heterogeneity.

Adoptive cell therapy (ACT) is a highly personalized cancer therapy that involves the administration of immune cells with direct anti-cancer activity to a cancer-bearing host (79). Autologous CAR T-cell therapy was the first ACT therapy to enter clinical translation and commercialization, achieving significant improvements in patients with invasive B-cell malignancies. CAR T-cell therapy is a novel treatment modality that exploits the patient’s immune system to fight cancer (80). CAR T cells overcome the limitations of previous T cell-based immunotherapies by redirecting T cell responses to specific tumor antigens (81). First-generation CAR T cells, only containing a single CD3 ζ-signaling module, show poor proliferative responses and low cytotoxicity, resulting in poor antitumor efficacy (82). The currently approved CAR T-cell therapies are second-generation CARs containing CD28 or 4-1BB signaling domains (83). The design of the CAR structure affects the pharmacokinetic profile of CAR T cells, thereby affecting the efficacy and the likelihood of adverse events. Future research will focus on the development of next-generation CAR with the aim of improving the efficacy and safety of CAR T cells. Following the success of the paradigm shift in CAR-engineered adoptive T cell therapies and advances in technologies that can transform cells into powerful antitumor weapons, the interest in NK cells as immunotherapy candidates has grown exponentially (84). T-cell receptors (TCRs) guide NK-92 cells, which have recently been shown to mediate successful antitumor responses (85).

Of all ACT-based immunotherapies currently in development for GBM, genetically engineered CAR T cells are at the forefront, with encouraging results reported in several clinical trials (86). O’Rourke et al. (34) reported 10 rGBM patients treated with a single dose of intravenous second-generation (i.e., 4-1BB, CD3ζ) EGFRvIII CAR T-cell therapy [NCT02209376] and found that the manufacture and infusion of CAR-modified T-cell (CART)-EGFRvIII cells were feasible and safe, without evidence of extratumoral toxicity or cytokine release syndrome. Ahmed N et al. (87) reported an open-label phase I dose-escalation trial, which demonstrated that the infusion of autologous HER2-specific CAR-modified virus-specific T cells (HER2-CAR VSTs) is safe and may be associated with clinical benefit in progressive GBM patients. Moreover, further evaluation of HER2-CAR VSTs as a single agent or in combination with other immunomodulatory methods for the treatment of GBM is warranted in phase 2b study. In addition, the prospect of combining ACT with other treatments for GBM currently under investigation, such as immune checkpoint blockade or oncolytic viruses, has been demonstrated (88, 89). CAR technology has emerged as a particularly attractive area of research related to GBM (90). The clinical trial results of ACT immunotherapy, particularly with CAR T cells, demonstrate a safe and feasible strategy for eliciting an effective immune response in GBM as well as great potential. However, ACT immunotherapy still faces many challenges before the full potential of ACT can be realized, and the need for continued familiarity with ACT in the future may contribute to a deeper understanding of the general mechanisms of cellular immunity and its role in GBM.

Engineered viruses constitute a promising therapeutic approach to addressing the immunosuppression of the GBM microenvironment by killing tumor cells through direct lysis and stimulation of anti-tumor immune responses (91). The most common viruses are herpesviruses, reoviruses, pox virus, or adenoviruses, which are subjected to varying degrees of genetic engineering (91, 92). It has been previously demonstrated that Zika virus (ZIKV) targets GBM stem cells and prevents death of mice with gliomas. In addition, Zika virus can be used to target GBM tissues, generating an immune-sensitized ZIKV strain that is effective alone or in combination with immunotherapy (93, 94). Hence, oncolytic ZIKV treatment can be adopted by immunotherapies, which may facilitate combination therapy for GBM. Desjardins A et al. (95) demonstrated that intratumoral infusion of PVSRIPO in rGBM patients had no neuroviral potential, and that patients treated with PVSRIPO had higher survival rates than historical controls at 24 months and 36 months. DNX-2401 (Delta-24-RGD; tasadenoturev) is a tumor-selective, replication-competent oncolytic adenovirus. Lang FF et al. (25) reported that treatment with DNX-2401 resulted in dramatic responses with long-term survival in recurrent high-grade gliomas, possibly due to the direct tumorolytic effect of the virus, which then stimulates an immune-mediated anti-glioma response. teserpaturev, as one of the genetically engineered oncolytic viruses (OVs) based on herpes simplex virus-1 (G47Δ), is the first oncolytic virus approved for the treatment of malignant gliomas (96). Several other clinical trials on the lysis of viral therapy for GBM are currently underway (97), and attention should be paid to the results of these trial data, as it is crucial to understand the current status of viral therapy for GBM. Several completed trials have demonstrated that OVs therapy is a safe and promising treatment modality for GBM patients, and further optimization of drug delivery and exploration of multimodal combination therapy options are needed to fully realize its therapeutic potential in the future.

Furthermore, gene therapy (98), TAM therapy (99), and recombinant cytokines such as IL-10 (51), interferon transforming growth factor-β (TGF-β) (100), colony- stimulating factor 1 receptor (CSF1R) (62) have been used in GBM clinical trials and have shown some therapeutic potential in specific glioma populations. As research delves deeper and data accumulate, more meaningful advances in immunotherapy regimens for gliomas will be achieved, but many obstacles and difficulties still need to be overcome before these regimens can be used in the clinic, especially difficulties in drug delivery, immune heterogeneity, and tumor heterogeneity. Additionally, the combination strategy of multiple immunotherapies, or the combination strategy of immunotherapy with targeted therapy and chemotherapy, may be an effective solution to these problems, which is worthy of further exploration in the future.





4.3 Limitations

The limitations of this study are as follows: 1) The data of this study were only obtained from WOScc, in English only, and other database sources and literature in other languages may be missing. 2) WOS literature is constantly updated, but the search time span in this study was from 2012 to July 2022. 3) Manual removal of unrelated documents from the study by the reviewer might lead to selection bias.





5 Conclusions

In the present study, publications were analyzed using multiple bibliometric tools to reveal the metrological characteristics of the literature related to immunotherapy for GBM. Immunotherapy for GBM still faces great challenges, but several relevant preclinical and clinical studies have shown the potential of immunotherapy for GBM. Therefore, immunotherapy is expected to become an essential component of future glioma treatment, providing new promising treatment strategies for GBM.
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Introduction

Prostate cancer (PCa), one of the most prevalent malignant tumors in the genitourinary system, is characterized by distant metastasis and the development of castration-resistant prostate cancer (CRPC), which are major determinants of poor prognosis. Current treatment approaches for PCa primarily involve surgery and endocrine therapy, but effective strategies for managing distant metastasis and CRPC remain limited.





Methods

We utilized qPCR, WB, and other methods to measure the expression levels of respective proteins, concurrently assessing lipid metabolism to validate the role of FATP5 in lipid metabolism. Additionally, we employed bioinformatics analysis and WB techniques to explore the corresponding mechanisms.





Results

In this study, we conducted an analysis of clinical samples and public databases to identify differential expression of FATP5 and further investigated its association with clinical outcomes. Through biochemical and functional experiments, we elucidated the potential underlying mechanisms by which FATP5 facilitates the progression of PCa. Our findings demonstrate that specific upregulation of FATP5 significantly enhances proliferation, migration, and invasion of PCa cell lines, while also modulating lipid metabolism in PCa. Mechanistically, the expression of FATP5 is closely associated with the Hippo signaling pathway, as it promotes the nuclear accumulation of YAP1 by inhibiting AMPK and facilitating the activation of β-catenin and RHOA. Furthermore, the transcription of FATP5 is mediated by TEAD4, and this transcriptional activation requires the involvement of YAP1.





Discussion

FATP5 is highly expressed in prostate cancer and can enhance the biological activity and lipid metabolism of prostate cancer. We have also elucidated that FATP5 is regulated by the Hippo signaling pathway. This provides a new potential target for the treatment of prostate cancer.





Keywords: FATP5, TEAD4, metabolism, Hippo, YAP1, cancer




1 Introduction

PCa is predominantly an adenocarcinoma of epithelial origin, ranking as the second most prevalent malignancy among males worldwide. It accounts for 27% of all incident cases of male cancer (1).There are various treatment options available for localized PCa, with surgical prostatectomy and radiotherapy being the predominant treatment modalities. Despite advancements in clinical interventions for PCa, managing advanced-stage PCa remains a therapeutic challenge. A subset of patients with primary PCa, following initial treatments, will eventually progress to metastatic PCa, which is currently an incurable disease (2). Consequently, there is a crucial need to explore novel biomarkers for the diagnosis and treatment of PCa.

The Hippo pathway is a signaling pathway that plays a critical role in regulating cell growth, proliferation, and organ size. It was initially discovered in fruit flies and has since been found to be highly conserved in mammals, including humans (3). The Hippo pathway consists of a series of protein interactions and phosphorylation events that ultimately control the activity of transcriptional co-activators called Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ). When the Hippo pathway is activated, it leads to the phosphorylation and inhibition of YAP/TAZ, preventing their translocation into the nucleus and subsequent activation of target genes involved in cell proliferation and survival. Mutations or dysregulation of the Hippo pathway components have been associated with various diseases, including PCa. Inactivation of the pathway can lead to aberrant YAP/TAZ activity and uncontrolled cell growth, contributing to tumorigenesis and tumor progression (4).

Metabolic reprogramming in the growth of PCa is considered unique in solid tumors because primary prostate tumors tend to enhance oxidative phosphorylation and lipid synthesis, while the elevation of glycolysis is limited (5), this suggests that lipid metabolism may play a more significant role in PCa. Cancer cells acquire fatty acids (FAs) from de novo lipid synthesis and exogenous uptake (6). Previous studies on lipid metabolism in PCa have primarily focused on biosynthetic pathways, while research on uptake metabolism has been limited, particularly regarding the FATP (1–6) family. FATP is a member of the solute carrier family 27 (SLC27) and comprises a group of integral membrane proteins with extracellular fatty acid (FA) binding sites, intracellular acyl-CoA synthetase (ACS) active sites, and ATP binding domains (7). In vitro and in vivo studies have demonstrated that FATP is essential for cancer cell uptake of fatty acids, as well as for growth and invasion (8). And interestingly, in an experiment involving co-culture of PCa cells with adipocytes, it was found that the expression of FATP5 was significantly increased (9). However, the involvement of the six FATP family members in cancer biology remains unclear.

In the present study, we discovered that FATP5 regulates the growth, migration, and invasion of the prostate through the Hippo pathway, while also being deeply involved in lipid metabolism in PCa. Mechanistically, FATP5 promotes the nuclear translocation of YAP1 protein and the transcription of FATP5 is mediated in a YAP1-dependent manner by TEAD4. Additionally, FATP5 is overexpressed in PCa samples, suggesting its potential role in the pathogenesis of PCa.




2 Materials and methods



2.1 Cell Culture

PCa cell lines, including LNCaP(ATCC CRL-1740, USA),PC-3(ATCC CRL-1435,USA),C4-2B(ATCC CRL-3315,USA),were grown in RPMI-1640 supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. DU-145(ATCC HTB-81.USA) cells were cultured in DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The cells were cultured under the conditions of 37°C, 5% CO2, and passaged at a ratio of 1:2.




2.2 Tissue sample

PCa and adjacent tissue samples were collected from patients undergoing urological surgery at Xinhua Hospital affiliated with Shanghai Jiao Tong University School of Medicine. All procedures in this study were approved by the Ethics Committee of Xinhua Hospital affiliated with Shanghai Jiao Tong University School of Medicine, and written informed consent was obtained from each participant.




2.3 Tissue microarray

Tissue microarrays (TMAs) were procured from Servicebio Co. Ltd. and immunohistochemical staining was conducted using the FATP5 antibody. Following completion of the staining process, the slides were scanned using a microscope, and the obtained images were analyzed using QuPath software for subsequent assessment of the H score for each tissue core. Integration of the H scores with clinical information was performed to enable comprehensive analysis.




2.4 Plasmid construction

The TEAD4 overexpression plasmid, FATP5 overexpression plasmid, pGL3-FATP5(wt), and pGL3-FATP5(mut) plasmids were constructed in-house. Briefly, primers targeting the desired sequences were designed and used for PCR amplification of the target fragments. The amplified fragments were then ligated to the respective plasmids using the In-Fusion® HD Cloning Kit (Takara,Japan) to establish the desired plasmid constructs. The obtained plasmids were subsequently transformed into competent cells for amplification and purification. The pGL3-FATP5(mut) plasmid was generated using the QuickMutation™ Site-directed Gene Mutagenesis Kit (Beyotime,China) through site-directed mutagenesis.




2.5 Transfection

pcDNA3.1 Plasmids were transfected using Lipofectamine 3000 (Thermo Fisher,USA) according to the manufacturer’s protocol. Briefly, cells in the logarithmic growth phase were inoculated and cultured overnight in an incubator at 37°C and 5% CO2. The medium was changed to serum-free medium 2 hours before transfection. Then, 5 μg of pcDNA3.1 Plasmids were diluted with 250 μL of serumfree opti-MEM, mixed gently, and kept for 5 minutes. Further, 7.5 μL of Lipofectamine 3000 was diluted using 250 μL of opti-MEM and kept for 5 minutes. Lipofectamine 3000 and plasmids were mixed and kept for 15 minutes. The mixture was added to each Petri dish, and after mixing, cells were cultured in an incubator at 37°C and 5% CO2. 48 hours after culturing, the cells were harvested for transfection efficiency assessment or subsequent experiments.




2.6 Establishment of stable expression cell lines

To generate lentivirus, lentivirus vectors (PLVX-shFATP5-Puro, PLVX-shTEAD4-Puro PLVX-shYAP-Puro, 10μg) and lentiviral components (10μg psPAX2 and 2.5μg pMD2.G) were co-transfected into 293T cells in a 10 cm2 dish using Polyethylenimine Linear (Yeasen,China). Lentivirus-containing supernatants from 48 and 72 hours post-transfection were collected to infect PCa cells. The stable cell lines were selected using 2μg/ml puromycin for at least 7 days for three passages. Puromycin (1μg/ml) was used to maintain the cells.




2.7 Quantitative real-time PCR

Total RNA was extracted using the EZ-press RNA Purification Kit (EZBioscience,China) and concentration was measured by a Nanodrop 2000 instrument. 500 nanogram of total RNA was for reverse transcription using PrimeScript™ RT Master Mix (Takara,Japan). Gene expression measured by qPCR data was collected by QuantStudio 3 Real-Time PCR System with Hieff® qPCR SYBR Green Master Mix (Yeasen,China) and ensure that each experiment is independently replicated three times. Primer sequences are listed in Supplementary Table S1.




2.8 Western blotting and antibodies

Total proteins were extracted by RIPA lysis buffer (Beyotime,China) together with PMSF (Beyotime,China). The concentration of total protein was determined by BCA protein assay kit (Beyotime,China). After being separated by 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels, proteins lysates were transferred to PVDF Membrane (Millipore, USA). The membranes were blocked with 5% BSA for 1hour at room temperature and then immunoblotted at 4°C overnight with primary antibodies: anti-FATP5(1:1000,Proteintech,China), anti-YAP1(1:1000,Proteintech,China), anti-TEAD4(1:1000,Proteintech,China), anti-TAZ(1:1000,Proteintech,China), anti-p-YAP1(1:1000,Proteintech,China),anti-Gapdh(1:1000,Proteintech,China),anti-Tublin(1:1000,Proteintech,China),anti-AMPK(1:1000,Proteintech,China),anti-p-AMPK(1:1000,Proteintech,China),anti-β-catenin(1:1000,Proteintech,China),anti-p-β-catenin(1:1000,Proteintech,China),anti-RHOA(1:1000,Proteintech,China),anti-SMAD2/3(1:1000,Proteintech,China),anti-p-SMAD2/3(1:1000,Proteintech,China),anti-LATS1(1:1000,ABclonal,China),anti-p-LATS1(1:1000,ABclonal,China),anti-N-Cadherin(1:1000,ABclonal,China),anti-E-Cadherin(1:1000,ABclonal,China),anti-Vimentin(1:1000,ABclonal,China),anti-Snail(1:1000,ABclonal,China),anti-YAP1(1:1000,Proteintech,China),anti-Histone H3(Beyotime,China). After incubated with diluted secondary antibodies for 1hour at room temperature, the bands were scanned and analyzed by Tanon 5200 (Tanon, China).




2.9 Immunofluorescence

PCa cells were seeded on coverslips. Cells were then washed and treated with 0.3% Triton X-100 for 15 minutes. After blocking with 5% BSA for 1 hour, the YAP1 antibody was added and incubated overnight. The following day, the samples were washed three times with TBST and subsequently incubated with Alexa Fluor 488-labeled Goat Anti-Rabbit IgG (Beyotime,China) at room temperature for 1 hour. After another three washes with TBST, the samples were stained with DAPI(0.1μg/ml). Following a final wash with TBST, the samples were ready for observation under a fluorescence microscope.




2.10 EdU incorporation assay

PCa cells were seeded in a 24-well plate and incubated at 37°C for 24 hours. Subsequently, they were treated with 5-ethynyl-20-deoxyuridine (EdU) at a working concentration of 50 μM from the BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyotime,China) in 400 μL of culture medium for 2 hours. Following treatment, the cells were washed three times with PBS for 5 minutes each at room temperature. They were then fixed with 4% paraformaldehyde for 30 minutes and incubated with 0.5% Triton X-100 for 15 minutes. Next, nuclear staining was performed using DAPI(0.1μg/ml), followed by thorough rinsing. The samples were observed under a fluorescence microscope, and three random fields were selected for the quantification of positive cells.




2.11 CCK8 assay

PCa cells were seeded into 96-well plates at a density of 2000 cells per well with 100 μl medium. 10μl Cell Counting Kit-8 (Beyotime,China) was added to each well at 0 hour, 24 hours, 48 hours, 72 hours and 96 hours after seeding, respectively. For CCK-8 experiments requiring drug treatment, after seeding the cells, allow them to fully adhere to the culture plate. In the experimental group, add different concentrations of the drug, while in the control group, add an equivalent amount of DMSO. Subsequently, follow the same procedure as described earlier. Optical density (OD) at 450 nm was detected by a Multiskan SkyHigh Microplate Spectrophotometer (Thermo Fisher,USA).




2.12 Colony formation assay

PCa cells were seeded into 6-well plates at a density of 2000 cells per well. After approximately fifteen days of incubation, the formation of colonies can be observed. Cell colonies were subsequently washed with phosphate buffered saline (PBS), Subsequently, fix the colonies with 10% para-formaldehyde for 30 minutes. Wash the colonies three times with PBS, and then stain them with 0.1% crystal violet for 15 minutes. The representative photographs were taken and the number of colonies were counted.




2.13 Transwell assay

PCa cells were resuspended in serum-free media. 5x103 cells in serum-free media were planted into 6.5 mm Transwell® with 8.0 µm Pore Polycarbonate Membrane Insert (Corning, USA) for migration, whereas 5x103cells in serum-free medium were planted into the mentioned chambers, which were precoated with Basement Membrane Matrix High Concentration (Corning, USA) for invasion. After 16 hours of cultivation, fix the chamber in 10% para-formaldehyde and then stain with crystal violet. Subsequently, observe the cells under a microscope and document by capturing images.




2.14 BODIPY and Nile red assay for lipid droplet

Regarding lipid droplet staining, we utilized a protocol developed by others as a reference (10). In brief, cells were cultured to a stable state, followed by washing with PBS. Then, a serum-free culture medium was used to dilute BODIPY 493/503 (MCE,USA) to a concentration of 2 μM/L for lipid droplet staining for 30 minutes. Subsequently, the cells were fixed with 4% paraformaldehyde for 30 minutes, followed by DAPI staining for five minutes. After washing with PBS, the stained cells were observed using a fluorescence microscope. Similar to the procedure, Nile Red (MCE,USA) staining was performed by diluting Nile Red to a concentration of 1 μM/L for 30 minutes. Fluorescence intensity was observed and recorded under a fluorescence microscope. All samples from the same experiment were imaged by using the same settings (gain, laser power). For lipid uptake, a serum-free culture medium was used to dilute BODIPY 500/510 C1, C12 (MCE,USA) to a concentration of 6 μM/L. The cells were then incubated at 37°C for 30 minutes. Subsequently, fluorescence intensity was measured using a fluorescence microscope. Additionally, stained cells were analyzed using a flow cytometer (BD,USA), and the data were analyzed using FlowJo software.




2.15 Dual-Luciferase reporter gene assay

The experiment was performed as per the standard protocol. Briefly, the cells were transfected with Lipofectamine 3000 (Thermo Fisher,USA), and then Dual Luciferase Reporter Gene Assay Kit (Yeasen,China) was used. After cell lysis and thorough mixing, transfer the lysate into a 96-well plate for further testing. The fluorescence analyzer was used to detect firefly and renilla luciferin enzyme activity. Then the ratio of firefly to renilla luciferase was calculated.




2.16 In vivo animal studies

A subcutaneous xenograft model was employed to investigate the effects of oeFATP5, shTEAD4, and TED-347 on tumor growth. A total of six 4-5-week-old male nude mice (SLAC, China) were randomly divided into the experimental and control groups. One million PC-3 cells that overexpressing FATP5 or shTEAD4 were mixed with a 1:1 ratio of serum-free medium and matrix gel and injected into the axillary region of the nude mice. In the case of the TED-347 experimental group, mice were injected with TED-347 at a dose of 20 mg/kg for three times on days 1, 7, and 14, while the control group received an equivalent volume of DMSO. Tumor size was measured every three days, and on day 21, the mice were euthanized to measure tumor size and weight. All animal experiments were conducted in accordance with the guidelines of the Ethics Committee of Xinhua Hospital affiliated with Shanghai Jiao Tong University School of Medicine.




2.17 Drug treatments

All drugs, including TED-347 (MCE), Enzalutamide (MCE,USA) and Leptomycin B (Beyotime,China) were dissolved in DMSO to prepare a 10 mM stock solution. For in vitro assays, the stock solutions were diluted with serum-free culture medium to the desired concentrations and added to the cell culture medium. The cells were treated for different durations according to experimental requirements. The control group received the corresponding amount of DMSO without any drug treatment.




2.18 IC50 assay

PCa cells were seeded into 96-well plates at a density of 5000 cells per well with 100 μl medium. After the cells have fully adhered, different concentrations of Enzalutamide are sequentially added to the experimental groups, while the control group receives an equal volume of DMSO. The cells are then incubated undisturbed for 48 hours. Following the incubation period, 10 μL of CCK-8 reagent is added to each well, and the cells are further incubated for 90 minutes. Subsequently, the absorbance at 450 nm is measured using Spectrophotometer. The data is analyzed using GraphPad Prism 9.0 software to calculate the IC50 value for each group of cells.




2.19 Malondialdehyde levels

The content of malondialdehyde (MDA) can be determined by measuring thiobarbituric acid (TBA) using Lipid Peroxidation MDA Assay Kit (beyotime, China). The experiments were performed as per the kit’s manual. In simple terms, the procedure involves collecting cells and determining their protein concentration using the BCA assay. The working solution is then added to the cell lysates or standard samples. The mixture is heated at a minimum of 100°C in a metal bath for at least 15 minutes. After centrifugation, the supernatant is collected, and the optical density (OD) is measured at 532 nm. The MDA concentration is calculated by comparing the obtained OD values with a standard concentration curve.




2.20 ROS levels

The experiment is conducted following the instructions provided in the Reactive Oxygen Species Assay Kit (Beyotime,China). In brief, after cell adherence, 1 ml of diluted DCFH is added to the culture dish. The dish is then incubated at 37°C for 20 minutes. Subsequently, the cells are washed three times with serum-free culture medium. The fluorescence microscope is set to an excitation wavelength of 488 nm and an emission wavelength of 525 nm. Under consistent imaging parameters, photographs are taken for both the experimental and control groups. Subsequently, the average fluorescence intensity is calculated for each group, allowing for the determination of the reactive oxygen species (ROS) levels.




2.21 NADPH levels

The experiment is conducted following the instructions provided in the NADP+/NADPH Assay Kit with WST-8.After cell collection, the cells are lysed using NADP+/NADPH extraction buffer. The lysate is divided into two portions. One portion is centrifuged at 12,000 g for 10 minutes at 4°C, and the supernatant is collected. A 200 μl sample is taken for further analysis. The other portion of the sample is subjected to a 60°C water bath treatment for 30 minutes, followed by centrifugation at 10,000 g for 5 minutes at 4°C. The supernatant is collected and mixed with G6PDH working solution and a color reagent. The mixture is then incubated at 37°C in the dark for 20 minutes. The absorbance of the sample at 450 nm is measured using the Multiskan SkyHigh Microplate Spectrophotometer. The NADPH oxidase activity is calculated based on the standard curve.




2.22 Bioinformatics analysis

We utilized the GEPIA2 web server to analyze the expression profile of the FATP protein family in the TCGA dataset. The QuPath software was employed for the analysis of tissue microarray staining. The H-score was calculated using the formula H-score=Σ(Pi*i), where Pi represents the proportion of positive cells and i represents the staining intensity. Based on the expression status of FATP5 in prostate cancer patients from the TCGA database, they were divided into the FATP5 high-expression group and the FATP5 low-expression group. Gene Set Enrichment Analysis (GSEA) V4.3.3 and MSigDB were used for gene enrichment analysis.




2.23 Statistical analysis

The data are presented as mean ± standard deviation (SD). GraphPad Prism 9.0 software is used for data analysis. Statistical analysis includes unpaired two-tailed t test, paired t test, two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. A p-value less than 0.05 (P < 0.05) is considered statistically significant.





3 Results



3.1 FATP5 shows upregulated expression in PCa tissues and cell lines

To investigate the role of the FATP protein family in the occurrence and progression of PCa, we initially analyzed the expression profiles of the FATP family in PCa using publicly available TCGA data. We found that FATP (2, 4, 5) expression was upregulated, while FATP (1, 3, 6) expression was downregulated in PCa (Figure 1A). Furthermore, we examined the mRNA expression of the FATP family in several common PCa cell lines (LNCaP, PC-3, DU-145) compared to benign prostatic hyperplasia (BPH) cell lines. In contrast to the TCGA database, only FATP (5, 6) showed increased expression in all three cell lines (Figure 1B). Similar results were observed in two additional PCa cell lines, DU-145 and C4-2B (Supplementary Figure S1A). Consequently, we hypothesized that FATP5 may play a crucial role in the development of PCa. Subsequently, we obtained paired tissue samples from Xinhua Hospital affiliated with Shanghai Jiao Tong University School of Medicine, to confirm the expression levels of FATP5 in PCa tissues. Ten pairs of samples were used for qRT-PCR analysis, and twenty pairs were used for Western blotting. The results showed that FATP5 expression was higher in PCa tissues compared to adjacent normal tissues (Figures 1C, D). Tissue microarray (TMA), a technique used for high-throughput analysis of tissue samples, was employed. The TMA used in our study included tissue samples from one hundred PCa patients. Quantitative analysis of the staining results for each tissue spot was performed using QuPath software, and the corresponding H score was obtained. The results demonstrated significantly higher expression levels of FATP5 in tumor tissues compared to normal adjacent tissues (Figure 1E). Additionally, immunohistochemistry staining confirmed significantly stronger staining for FATP5 in cancer tissues compared to adjacent non-cancerous tissues (Figure 1F). Subsequently, based on the Gleason score, the samples were divided into three groups: low-risk group with a Gleason score of 6, intermediate-risk group with a Gleason score of 7, and high-risk group with a Gleason score of 8-10. It was observed that as the risk level increased, the expression of FATP5 also significantly increased (Figure 1G). According to the ISUP grading results, there is a gradual increase in the expression of FATP5 with higher grades. This indicates that in PCa, as the malignancy level increases, there is a corresponding elevation in the expression level of FATP5. (Figure 1H). Furthermore, FATP5 also showed a trend associated with DFS (Figure 1I). Furthermore, FATP5 also showed a trend associated with DFS (Figure 1I).Overall, these findings confirm the high expression of FATP5 in patient tissues and cell lines, as well as its association with Gleason score risk stratification and ISUP grading.




Figure 1 | FATP5 shows upregulated expression in PCa tissues and cell lines. (A) Download the expression transcriptome profile of FATPs mRNA in PCa tissues (n = 492) and adjacent normal tissues (n = 192) from the TCGA-PRAD database. (B) Assess the mRNA expression levels of FATPs in PCa cell lines. (C) Determine the expression levels of FATP5 mRNA in cancer and adjacent tissues in 10 PCa patients. (D) Measure the protein expression levels of FATP5 in cancer and adjacent tissues in 20 PCa patients. (E) Generate H score scoring charts based on FATP5 immunostaining in 100 patient tissue chips. (F) Present immunohistochemistry staining results for FATP5. (G, H) Investigate the correlation between FATP5 and Gleason score and ISUP grading based on clinical data from patient tissue chips. (I) FATP5 and disease-free survival of prostate cancer. Mean ± SD, n = 3. ****p < 0.0001.






3.2 FATP5 is involved in regulating the proliferation and migration of PCa cells

To investigate the impact of FATP5 on the proliferation and metastasis of PCa, extensive functional studies were conducted using PCa cell lines. Lentiviral vectors were used to overexpress FATP5 and introduce short hairpin RNA (shRNA) targeting FATP5 into the relevant cell lines, resulting in stable cell lines with low (LNCaP-shFATP5, C4-2B-shFATP5) and high (PC3-oeFATP5) expression of FATP5 (Figures 2A, B). Metastasis is a major cause of mortality in PCa (11). After overexpressing FATP5, we observed significant changes in the morphology of PC-3 cells (Figure 2C). Subsequently, gene set enrichment analysis (GSEA) based on TCGA database was employed to investigate the biological processes regulated by FATP5 and its impact on PCa carcinogenesis and progression (Figure 2D). The findings indicated a significant association between FATP5 and EMT signaling characteristics, suggesting a potential influence of FATP5 on EMT processes. Transwell assays were performed in the aforementioned cell lines to determine the role of FATP5 in cell migration. As expected, LNCaP-shFATP5 and C4-2B-shFATP5 cells exhibited decreased migration capability, while PC-3-oeFATP5 cells showed increased migration ability (Figure 2E). Similarly, transwell assays were employed to assess cell invasion, and consistent with previous observations, LNCaP-shFATP5 and C4-2B-shFATP5 cells demonstrated reduced invasive potential, whereas PC3-oeFATP5 cells exhibited enhanced invasion (Figure 2E). Scratch assays were also conducted, revealing increased migration ability upon FATP5 overexpression (Figure 2F). Furthermore, multiple EMT markers were examined in the aforementioned cell lines to validate the results. Western blot analysis demonstrated decreased expression levels of Vimentin and Snail, while E-cadherin expression increased in LNCaP-shFATP5 and C4-2B-shFATP5 cells, with opposite results observed in FATP5 overexpressing cell lines (Figure 2G). In summary, FATP5 overexpression promoted PCa EMT in vitro, while knockdown of FATP5 inhibited PCa EMT.




Figure 2 | FATP5 is involved in regulating the proliferation and migration of PCa cells (A, B) Evaluate the protein and mRNA levels of FATP5 after overexpression or knockdown. (C) Morphologically observe PC-3 cells after overexpressing FATP5 under light microscopy. (D) Perform Gene Set Enrichment Analysis (GSEA) to assess the correlation between EMT signaling pathways and FATP5 mRNA levels based on TCGA database. (E) Investigate the migration and proliferation abilities of PCa cells using the Transwell assay (Magnification: 100×). (F) Validate the planar migration capability of PCa cells using the scratch assay. (G) Assess the expression levels of EMT-related markers after FATP5 knockdown or overexpression. (H) Determine cell growth curves using the CCK8 assay. (I) Conduct colony formation assays to observe the size and quantity of PCa cell colonies. (J) Assess proliferation ability of PCa cells using the EdU assay. (K–M) Measure tumor size, weight, and volume in in vivo experiments. Mean ± SD, n = 3. *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



We also assessed the influence of FATP5 on the proliferation of PCa cells. The CCK-8 assay was employed to evaluate the cellular proliferation capacity of PCa cells. The results revealed a significant reduction in the proliferation rate of cells lacking FATP5 (LNCaP-shFATP5, C4-2B-shFATP5) (Figure 2H). Conversely, overexpression of FATP5 resulted in an elevated proliferation rate of PCa cells (Figure 2H). Clonogenic assays demonstrated that FATP5 knockdown led to smaller and fewer colony formations in PCa cells, while FATP5 overexpression yielded the opposite results (Figure 2I, Supplementary Figure S1B). In addition, we conducted EdU assays, where both fast-proliferating and slow-proliferating cells incorporate EdU during active DNA synthesis, and the signal intensity of EdU in cells indicates the proliferation rate. Our results showed that the proportion of EdU-positive cells was lower in FATP5 knockdown cells, while it was higher in FATP5 overexpressing cells. (Figure 2J). Given that our functional studies on FATP5 were conducted in vitro, further in vivo functional validation was performed. PC-3 cells overexpressing FATP5 were implanted subcutaneously in nude mice, and tumor size was measured every 3 days. On the 21st day, the subcutaneous tumors were excised. The results demonstrated that overexpression of FATP5 significantly increased tumor weight and volume (Figures 2K–M). In summary, these in vitro and in vivo functional investigations clearly indicate that FATP5 plays a promoting role in the migration, invasion, and proliferation of tumors.




3.3 FATP5 significantly promotes lipid accumulation in PCa cells

In PCa cells, enhanced lipid accumulation is often observed (12). Next, we performed gene set enrichment analysis (GSEA) to analyze the enrichment of lipid metabolism-related genes in the TCGA database after FATP5 alteration. The results showed a strong correlation between pathways related to lipid metabolism and high expression of FATP5 (Figure 3A), suggesting that FATP5 is involved in the regulation of lipid metabolism in PCa. To validate this hypothesis, we stained cells with Nile red and BODIPY 493/503 in three cell lines overexpressing or knockdown of FATP5. The results revealed that cells with high FATP5 expression exhibited increased lipid accumulation, while cells with low FATP5 expression showed decreased lipid content (Figure 3B). Subsequently, we measured the levels of triglycerides (TG), total cholesterol (T-CHO), and non-esterified fatty acids (NEFA) as quantitative indicators of lipid accumulation in the three FATP5-treated cell lines. As shown in Figure 3C, cells with high FATP5 expression had elevated levels of TG, T-CHO, and NEFA, while the opposite was observed in cells with low FATP5 expression (Figure 3C).




Figure 3 | FATP5 significantly promotes lipid accumulation in PCa cells. (A) Perform GSEA to explore the correlation between lipid metabolism-related pathways and FATP5 mRNA levels based on TCGA database. (B) Stain FATP5-overexpressing or knockdown cell lines with Nile red and BODIPY 493/503 (Magnification: 400×). (C) Quantify the content of corresponding lipids in FATP5-overexpressing or knockdown cell lines. (D) Employ LC/MS lipidomics to detect intracellular lipids in stable or unstable FATP5-overexpressing PC-3 cells (n = 5), highlighting statistically significant metabolites (p < 0.05) in the heatmap using red and green colors. (E) Present KEGG pathway enrichment analysis of metabolite enrichment based on LC/MS lipidomics analysis. (F–H) Analyze the NADP+/NADPH ratio, MDA levels, and ROS levels in cells after FATP5 overexpression or knockdown, normalized to total protein content. (I) Analyze fluorescence intensity of BODIPY 500/510 C1,C12 staining using flow cytometry. Mean ± SD, n = 3. *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



Subsequently, we conducted liquid chromatography/mass spectrometry (LC/MS) lipidomic analysis on PC-3 cells with either overexpression of FATP5. The results, depicted in Figure 3D, demonstrated a significant increase in the levels of triglycerides (TG), fatty acids, phosphatidylcholine (PC), and phosphatidylinositol (PI) in PC-3 cells with stable FATP5 overexpression compared to the control cells. Furthermore, KEGG metabolic pathway analysis revealed the correlation of differential metabolites with multiple lipid metabolism pathways (Figure 3E).

Considering the anticipated association between lipid accumulation and increased reactive oxygen species (ROS) generation, we quantified the NADP+/NADPH ratio, intracellular ROS levels, and lipid peroxidation levels in PCa cell lines. As expected, FATP5 overexpression resulted in an elevation of the NADP+/NADPH ratio within the cells (Figure 3F), an induction of lipid peroxidation, including elevated malondialdehyde (MDA) levels (Figure 3G) and an augmentation of intracellular ROS levels (Figure 3H). Conversely, downregulation of FATP5 exerted opposing effects on the NADP+/NADPH ratio, intracellular ROS levels, and MDA levels in PCa cells (Figures 3F–H).

In order to elucidate the reasons for lipid accumulation, we supplemented the culture medium with BODIPY 500/510 C1, C12 fluorescent probe and performed flow cytometry analysis to measure the fluorescence intensity of PCa cells with different FATP5 treatments after thirty minutes of incubation. It was observed that following FATP5 overexpression, the fluorescence intensity was significantly enhanced compared to the control group, while cells with FATP5 knockdown exhibited lower fluorescence intensity (Figure 3I). These experimental results suggest that the lipid accumulation induced by FATP5 is at least partially attributed to enhanced uptake of exogenous fatty acids. Based on these findings, we propose that FATP5 enhances lipid accumulation in PCa and that part of this accumulation is due to increased uptake of exogenous fatty acids. Additionally, FATP5 also promotes ROS generation and lipid peroxidation levels.




3.4 FATP5 is regulated by the Hippo signaling pathway and promotes the nuclear translocation of YAP1 protein

C4-2B cells with FATP5 knockdown were selected for whole transcriptome sequencing to gain deeper insights into the mechanistic role of FATP5. The transcriptomic analysis demonstrated significant alterations in gene expression, with 1,727 genes being downregulated and 1,064 genes being upregulated (Figure 4A). Subsequent KEGG pathway analysis of the differentially expressed genes revealed enrichment in multiple lipid metabolism pathways and tumor metastasis pathways upon FATP5 knockdown (Figures 4B, C), the reliability of the previous experimental results is verified again. Furthermore, a notable enrichment of differentially expressed genes was observed in the Hippo pathway (Figure 4D), which was further validated by Gene Set Enrichment Analysis (GSEA) (Figure 4E). Therefore, we reasonably suspect that FATP5 is regulated by the Hippo signaling pathway.




Figure 4 | FATP5 is regulated by the Hippo signaling pathway and promotes the nuclear translocation of YAP1 protein. (A) Generate volcano plots to display the differential gene expression profile following FATP5 knockdown. (B–D) Conduct KEGG pathway analysis on the differentially expressed genes identified from RNA-seq data. Criteria for selection: |Log2(fold change)| ≥ 2 and p-value ≤ 0.05. (E) Investigate the correlation between the Hippo signaling pathway and FATP5 mRNA levels using Gene Set Enrichment Analysis (GSEA) based on data from the TCGA database. (F) The expression status of key proteins in the Hippo signaling pathway following knockdown or overexpression of FATP5. (G) Measure the expression levels of YAP1 in the nuclear and cytoplasmic fractions following FATP5 overexpression or knockdown. Cyto, cytoplasm; nuc, nucleus. (H) Determine the expression levels of YAP1 in the nuclear and cytoplasmic fractions after the addition of Leptomycin B (LMB) to the cells. (I) Perform immunofluorescence staining to examine the fluorescence intensity of nuclear YAP1 (Magnification: 400×). (J, K) The expression profile of key proteins in the signaling pathway following knockdown or overexpression of FATP5. Mean ± SD, n = 3. *p < 0.5, ****p < 0.0001.



We subsequently validated this in cells by examining the levels of total YAP1, TAZ, and phosphorylated YAP1 (p-YAP1) in FATP5 knockdown or overexpression cell lines. The results showed that upon FATP5 knockdown, the levels of total YAP1 and TAZ decreased, while the level of phosphorylated YAP1 increased. Conversely, cells overexpressing FATP5 exhibited the opposite results (Figure 4F). As YAP1 protein requires nuclear localization to exert its function (13), we further investigated the impact of FATP5 on YAP1 nuclear translocation. We isolated nuclear and cytoplasmic proteins from PCa cells and measured the expression levels of YAP1 in each fraction (Figure 4G). Following FATP5 knockdown, the level of YAP1 in the nucleus significantly decreased, while overexpression of FATP5 led to a notable increase in nuclear YAP1 protein. We also employed Leptomycin B (LMB), a nuclear export inhibitor that prevents protein transport from the nucleus to the cytoplasm (14). Concurrently with FATP5 knockdown, we added LMB to the culture medium and subsequently assessed the nuclear YAP1 content. The results showed that the addition of LMB partially attenuated the reduction in nuclear YAP1 (Figure 4H). Furthermore, we performed immunofluorescence staining on treated cells and calculated the average fluorescence intensity in the nuclear region. The results revealed a significant reduction in nuclear fluorescence intensity following FATP5 knockdown (Figure 4I).

To investigate the mechanism by which FATP5 promotes YAP1 nuclear translocation, we examined the expression levels of intracellular ACSL4 (Supplementary Figure S2A). Overexpression of FATP5 enhanced the levels of intracellular fatty acids, while ACSL4, as a member of the ACSL protein family, facilitates the binding of long-chain fatty acids to coenzyme A, forming acyl-CoA. Acyl-CoA is a key intermediate in fatty acid β-oxidation. Consequently, we subsequently assessed the expression of key genes involved in fatty acid β-oxidation and found that FATP5 was able to promote the expression of these key genes (Supplementary Figure S2B). The enhanced fatty acid β-oxidation inevitably leads to an increase in intracellular ATP levels, consistent with our expectations, as FATP5 elevated the intracellular ATP content (Supplementary Figure S2C). The elevated ATP inhibited the activation of the AMPK signaling pathway, which has been demonstrated to promote the degradation of YAP1 (15). In summary, we propose that FATP5 enhances intracellular ATP levels by augmenting fatty acid β-oxidation, thereby inhibiting the activation of the AMPK signaling pathway and facilitating YAP1 nuclear translocation. We also examined the expression of key proteins involved in multiple signaling pathways regulating YAP1 nuclear translocation, including the HGF-induced β-catenin pathway, TGF-β-induced SMAD pathway, and Ephrin A2-induced RHO-dependent pathway. The results showed (Figure 4J) that after FATP5 overexpression, the protein expression of β-catenin and phosphorylated β-catenin at S552 (p-β-catenin) significantly increased, as did the protein level of RHOA. However, the expression levels of SMAD2/3 and phosphorylated SMAD2/3 did not show significant changes. In cells with FATP5 knockdown, the opposite protein expression patterns were observed. Additionally, we examined the levels of Large Tumor Suppressor Kinase 1 (LATS1) and phosphorylated LATS1 (p-LATS1). Phosphorylation of LATS1 in the Hippo pathway leads to increased degradation of YAP1 and inhibition of downstream gene transcription (16). The results revealed that in PCa cells with FATP5 overexpression, the level of phosphorylated LATS1 significantly decreased, whereas in cells with FATP5 knockdown, the phosphorylation level of LATS1 significantly increased (Figure 4K). Previous studies have demonstrated that the AMPK signaling pathway can directly regulate the activity of β-catenin and RHOA, and activation of AMPK inhibits the activity of β-catenin and RHOA (17, 18). Therefore, our findings suggest that knockdown of FATP5 reduces lipid metabolism in PCa and activates the AMPK signaling pathway, thereby inhibiting the activity of β-catenin and RHOA, suppressing YAP1 nuclear translocation, leading to YAP1 accumulation in the cytoplasm, phosphorylation, and subsequent degradation, and ultimately inhibiting downstream gene transcription.




3.5 TEAD4 positively regulates the transcription of FATP5 and influences the activity of PCa

Upon translocation into the nucleus, YAP1 protein usually forms a complex with the TEAD family to exert its functional role (19). TEAD carries a TEA DNA-binding domain near its N-terminus and a YBD (YAP binding domain) near its C-terminus (20). Based on our transcriptomic data, we observed a significant downregulation of TEAD4 expression following FATP5 knockdown (Figure 5A). Therefore, we had a rationale to suspect that FATP5 transcription might be regulated by TEAD4. To validate our hypothesis, we overexpressed TEAD4 in PCa cells and measured the mRNA expression of FATP5. As shown in Figure 5B, FATP5 expression was significantly increased upon TEAD4 overexpression, which was further confirmed by Western blot analysis (Figure 5C). Similarly, the reduction of TEAD4 also affected the nuclear accumulation of YAP1 (Figure 5D). Correspondingly, there were alterations in EMT markers (Figure 5E). Luciferase reporter gene analysis demonstrated that upregulation of TEAD4 enhanced the luciferase activity of the FATP5 promoter (Figure 5F). Subsequently, using JASPAR, we predicted the TEAD4 binding sites in the FATP5 promoter region and performed site-directed mutagenesis using a mutation kit to disrupt these binding sites. The luciferase activity was then measured, revealing a decrease in luciferase activity upon mutation (Figure 5F). Furthermore, we conducted experiments in two additional FATP5 knockdown cell lines and observed a significant decrease in luciferase activity (Figure 5G). In conclusion, we can infer that TEAD4 mediates the transcription of FATP5.




Figure 5 | TEAD4 positively regulates the transcription of FATP5 and influences the activity of PCa. (A) Quantify the read counts of TEAD family members in the RNA-seq data. (B, C) Determine the mRNA and protein levels of TEAD4 and FATP5 in PCa cells following transfection with TEAD4 overexpression. (D, E) Assess the protein levels of YAP1 in the nuclear and cytoplasmic fractions, as well as the protein levels of corresponding EMT markers, after TEAD4 knockdown or overexpression. (F, G) Present the results of the dual-luciferase reporter gene assay. TSS, Transcription Start Site; wt, wild type; mut, mutant. (H–J) Evaluate the tumor size, weight, and volume in mice following TEAD4 knockdown. (K) Conduct migration and invasion experiments on specific PCa cells (Magnification: 100×). Mean ± SD, n = 3. *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns, no significance.



Subsequently, we performed in vivo validation of the impact of TEAD4 on proliferation. Upon TEAD4 knockdown, there was a significant decrease in tumor size, weight, and volume in mice (Figures 5H–J). To further establish the correlation between FATP5 and TEAD4 in PCa, we conducted functional rescue experiments. Utilizing the aforementioned methodology, we generated four cell line groups for experimentation: control cell line (NC), FATP5 knockdown cell line (shFATP5), TEAD4 knockdown cell line (shTEAD4), and FATP5 knockdown cell line with TEAD4 overexpression (shFATP5+oeTEAD4). As previously mentioned, knockdown of FATP5 significantly attenuated the migration and invasion capabilities of PCa cells. However, TEAD4 overexpression partially restored these abilities (Figure 5K). Proliferation capacity was assessed using the CCK8 assay, and consistent with the previous findings, TEAD4 overexpression partially reversed the growth inhibition caused by FATP5 knockdown (Figure 6A). Lipid staining results also demonstrated a partial recovery of lipid accumulation in PCa cells upon TEAD4 overexpression (Figure 6B). Hence, we can draw a consistent conclusion regarding the relationship between FATP5 and TEAD4, indicating that FATP5 primarily modulates the biological activity and lipid metabolism of PCa through the TEAD4-mediated Hippo signaling pathway.




Figure 6 | TEAD4 regulates the expression of FATP5 and the activity of PCa in a YAP1-dependent manner. (A) Conduct a CCK8 assay on the designated cells to assess the cell growth curve. (B) Present Nile red and BODIPY 493/503 staining images of the designated cells (Magnification: 400×). (C) Perform a CCK8 assay on the designated cells to determine the cell growth curve. (D) Perform colony formation assays on the designated cells and document the size and quantity of the resulting colonies. (E) Perform Transwell assays on the designated cells to assess their migration and invasion abilities (Magnification: 100×). Mean ± SD, n = 3. (F) Present the results of the dual-luciferase reporter gene assay conducted on the designated cells. (G) Evaluate the protein expression levels of FATP5 following the corresponding gene manipulation. **p < 0.01,***p < 0.001, and ****p < 0.0001. ns, no significance.






3.6 TEAD4 regulates the expression of FATP5 and the activity of PCa in a YAP1-dependent manner

As a DNA anchor protein, TEAD4’s transcriptional reprogramming ability is largely dependent on its interaction with co-activators, such as YAP, which can be classified into two major classes: YAP-dependent and YAP-independent (21). To determine which type of regulation is involved in TEAD4-mediated regulation of FATP5, we established four cell line models: control cell line (NC), TEAD4 overexpression cell line (oeTEAD4), YAP1 knockdown cell line (shYAP1), and YAP1 knockdown cell line with TEAD4 overexpression (shYAP1+oeTEAD4). The results of CCK8 and clonogenic assays demonstrated that knockdown of YAP1 significantly attenuated the proliferative enhancement caused by TEAD4 overexpression (Figures 6C, D, Supplementary Figure S3A). Similarly, Transwell assays confirmed that the enhanced migration and proliferation induced by TEAD4 overexpression were reversed upon YAP1 knockdown (Figure 6E). Furthermore, we performed dual-luciferase reporter gene experiments to analyze the transcriptional regulation of FATP5 after YAP1 knockdown. The results showed that the transcriptional promotion of FATP5 by TEAD4 was greatly inhibited upon YAP1 knockout (Figure 6F). These findings were further supported by Western blot experiments (Figure 6G). Based on our previous experiments, the overexpression of FATP5 promotes YAP1 nuclear translocation, and nuclear YAP1, in turn, binds to TEAD4 to enhance the transcription of FATP5, forming a malignant cycle that promotes the progression of PCa. In summary, we can conclude that TEAD4 regulates the transcription of FATP5 in a YAP1-dependent manner, and the transcriptional activation of FATP5 promotes YAP1 nuclear localization, establishing a malignant cycle that enhances the biological functions of PCa.




3.7 FATP5 affects enzalutamide resistance and targeting the interaction of TEAD4 and YAP1 can reduce the activity of PCa

Previous research has reported that the Hippo signaling pathway often plays a role in drug resistance, and in PCa, androgen deprivation therapy (ADT) frequently leads to drug resistance (22). Therefore, we hypothesized that the knockout of FATP5 may reverse PCa’s resistance to enzalutamide and enhance drug sensitivity. We conducted CCK8 experiments first and observed that knocking down FATP5 significantly increased the sensitivity to enzalutamide in both hormone-sensitive LNCaP cells and hormone-resistant C4-2B cells (Figure 7A). Clonogenic assays yielded consistent results, as the formation of colonies was more difficult in FATP5-knockdown cells compared to control cells when treated with varying concentrations of enzalutamide. Subsequently, we determined the IC50 values of the cell groups for enzalutamide and found a noticeable decrease in IC50 values after FATP5 knockdown, supporting our hypothesis. These findings collectively demonstrate that FATP5 can sensitize PCa cells to enzalutamide and partially reverse hormone resistance (Figures 7B, C, Supplementary Figure S3B).




Figure 7 | FATP5 affects enzalutamide resistance and targeting the interaction of TEAD4 and YAP1 can reduce the activity of PCa. (A) Conduct a CCK8 assay on the specified cells to determine the cell growth curve. (B) Determine the IC50 values for LNCaP and C4-2B cells. IC50:half maximal inhibitory concentration. (C) Perform colony formation assays after knocking down FATP5 and adding varying concentrations of Enzalutamide. (D) Measure the dual-luciferase activity in PC3 cells after treating them with different concentrations of TED-347. (E, F) Assess the mRNA and protein levels of FATP5 in PC-3 and LNCaP cells following treatment with different concentrations of TED-347. (G) Evaluate the migration and invasion capacities of cells after treatment with TED-347. (H) Conduct a CCK8 assay on the designated cells following the addition of TED-347 to determine the cell growth curve. (I) Conduct colony formation assays on the designated cells after treating them with varying concentrations of TED-347. (J–L) Implant tumors in mice and administer either a placebo or TED-347. After 21 days, record the tumor size, weight, and volume in the mice. Mean ± SD, n = 3. *p < 0.5, ***p < 0.001, and ****p < 0.0001.



TED-347 is a YAP1-selective inhibitor at the protein level, which dose- and time-dependently inhibits the binding of TEAD4 and YAP1 (23), subsequently affecting biological processes. We treated cells with different concentrations of TED-347 and assessed its impact on FATP5 transcription using dual-luciferase reporter gene experiments. The results indicated that higher TED-347 concentrations resulted in stronger inhibition of FATP5 transcription (Figure 7D). mRNA and protein level analyses also confirmed the inhibitory effect of TED-347 on FATP5 transcription (Figures 7E, F). Transwell assays revealed that TED-347 could influence the migration and invasion abilities of PCa cells (Figure 7G). Furthermore, we investigated the effect of TED-347 on PCa proliferation and demonstrated its ability to inhibit PCa cell growth. Interestingly, when conducting experiments in FATP5-overexpressing cell lines, we observed a decreased sensitivity to TED-347 (Figures 7H, I, Supplementary Figure S3C), suggesting a certain degree of resistance to TED-347 after FATP5 overexpression. Finally, we validated the inhibitory effect of TED-347 in vivo, and the results showed that administering TED-347 to mice significantly reduced tumor size, weight, and volume (Figures 7J–L). Furthermore, we repeated the experiment in PC3-oeFATP5 cell line, and the results demonstrated that TED-347 also inhibits the enhanced proliferation induced by FATP5 (Supplementary Figure S4).





4 Discussion

There is mounting evidence suggesting that the FATP family plays a significant role in various types of tumors. For instance, FATP1 has been shown to promote tumor progression in melanoma (8), while FATP3 contributes to immune suppression and tumor activity in lung cancer (24). FATP5 is overexpressed in colorectal cancer and can serve as a prognostic marker (25). These findings underscore the importance of the FATP family in tumorigenesis. However, the role of the FATP family in PCa remains unclear. FATP5 has been found to be upregulated in PCa tissues and cells, consistent with previous findings in colorectal cancer but contradictory to results observed in liver cancer (25, 26). These discoveries imply that FATP5 may exert its effects in multiple cancer types, and the tumor microenvironment and genetic background may influence the physiological function of FATP5 in different tumors. Through a series of in vitro and in vivo functional experiments, we have demonstrated that FATP5 may promote proliferation, migration, and invasion capabilities in PCa.

Our research has revealed that FATP5 is deeply involved in the lipid metabolism process of PCa. FATP5 is a human protein encoded by the SLC27A5 gene, with a molecular weight of approximately 70-80 kDa and consisting of 690 amino acids (27). It is typically expressed in tissues and cells, and plays a significant role in regulating the transport of exogenous fatty acids and maintaining intracellular lipid homeostasis. FATP5 likely mediates the entry of long-chain fatty acids (LCFAs) into cells by facilitating their translocation across the cell membrane. Furthermore, it catalyzes the ATP-dependent conversion of LCFA and VLCFA into acyl-CoA (28). Through a series of lipid staining experiments and lipidomics analysis, we have discovered that FATP5 enhances lipid accumulation in PCa and significantly increases the levels of various lipid metabolites. Additionally, we have validated the ability of FATP5 to enhance fatty acid uptake to some extent using fluorescence probes. These findings are consistent with previous studies on the function of FATP5 and demonstrate its important role in lipid metabolism in PCa. Moreover, the elevated lipid levels within PCa cells have been found to elevate cellular metabolism. We observed that overexpression of FATP5 leads to increased levels of ROS, NADP+/NADPH, and MDA within the cells, suggesting that the enhanced tumor biological functions resulting from FATP5 overexpression may be Partially attributed to its augmented lipid metabolism levels.

The results of whole transcriptome sequencing reveal a strong correlation between the transcription of FATP5 and the Hippo pathway. In recent years, the Hippo signaling pathway has been found to play a role in various biological processes of tumors, including proliferation, migration, and drug resistance (21). The key protein molecule in the Hippo pathway is YAP1. When the Hippo signaling pathway is inhibited, YAP1 undergoes decreased phosphorylation and degradation, leading to its translocation into the nucleus and subsequent promotion of downstream gene transcription (16). Our study demonstrates that knocking down FATP5 in PCa cells significantly reduces the nuclear levels of YAP1, indicating that FATP5 is capable of driving the nuclear translocation of YAP1. Further investigations revealed that the YAP1 nuclear translocation induced by FATP5 and activation of the Hippo signaling pathway are attributed to its inhibition of AMPK activation, which in turn promotes the activation of β-catenin and RHOA. Consequently, YAP1 nuclear translocation is facilitated. Additionally, the activation of AMPK itself promotes the cytoplasmic retention of YAP1, leading to its phosphorylation and subsequent degradation. Additionally, our research identifies TEAD4, a member of the TEAD transcription factor family, as being involved in the transcriptional process of FATP5, and this transcription is highly dependent on the interaction between TEAD4 and YAP1. Activation of FATP5 transcription occurs only when TEAD4 forms a transcriptional complex with YAP1. Therefore, nuclear YAP1 promotes the transcription of FATP5, and FATP5, in turn, enhances YAP1 nuclear localization, forming a malignant cycle that greatly facilitates the progression of PCa (Figure 8).




Figure 8 | Graphical abstract: FATP5 promotes lipid metabolism in PCa cells, inhibits AMPK activation, facilitates nuclear translocation of YAP1, and nuclear YAP1 interacts with TEAD4 to enhance FATP5 transcription.



The Hippo signaling pathway has been reported to be implicated in drug resistance in tumors. Long-term androgen deprivation therapy (ADT) in PCa patients often leads to the development of irreversible castration-resistant PCa (CRPC) (29), highlighting the crucial need for novel therapeutic approaches. Our study reveals that knockdown of FATP5 enhances the sensitivity of PCa cells to enzalutamide, suggesting that FATP5 may serve as a potential therapeutic target for CRPC. Additionally, small molecule inhibitors targeting the interaction between TEAD4 and YAP1, such as TED-347, have already demonstrated excellent therapeutic efficacy in PCa cells.

However, our study also has certain limitations. For example, we did not investigate the specific mechanism by which FATP5 enhances sensitivity to enzalutamide. Additionally, it has been reported that the FATP family plays a crucial role in promoting the formation of an immunosuppressive tumor microenvironment. Therefore, our future research will focus on elucidating the precise mechanisms by which FATP5 mitigates enzalutamide resistance and its impact on the immune microenvironment. In summary, FATP5 exhibits upregulation in PCa, and TEAD4 mediates the transcription of FATP5 in a YAP1-dependent manner. Furthermore, FATP5 holds potential as a novel diagnostic biomarker and prognostic factor in PCa, offering new therapeutic options for the management of PCa.

In conclusion, the results of this study indicate that FATP5 plays a crucial regulatory role in the progression of PCa. Specifically, overexpression of FATP5 promotes both in vivo and in vitro progression of PCa and is deeply involved in PCa lipid metabolism, which is dependent on the interaction between TEAD4 and YAP1 in the Hippo signaling pathway. Therefore, targeting the expression of FATP5 or the interaction between TEAD4 and YAP1 may represent a promising therapeutic strategy to reduce PCa proliferation and inhibit disease progression.
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The genesis and progression of tumors are multifaceted processes influenced by genetic mutations within the tumor cells and the dynamic interplay with their surrounding milieu, which incessantly impacts the course of cancer. The tumor microenvironment (TME) is a complex and dynamic entity that encompasses not only the tumor cells but also an array of non-cancerous cells, signaling molecules, and the extracellular matrix. This intricate network is crucial in tumor progression, metastasis, and response to treatments. The TME is populated by diverse cell types, including immune cells, fibroblasts, endothelial cells, alongside cytokines and growth factors, all of which play roles in either suppressing or fostering tumor growth. Grasping the nuances of the interactions within the TME is vital for the advancement of targeted cancer therapies. Consequently, a thorough understanding of the alterations of TME and the identification of upstream regulatory targets have emerged as a research priority. NF-κB transcription factors, central to inflammation and innate immunity, are increasingly recognized for their significant role in cancer onset and progression. This review emphasizes the crucial influence of the NF-κB signaling pathway within the TME, underscoring its roles in the development and advancement of cancer. By examining the interactions between NF-κB and various components of the TME, targeting the NF-κB pathway appears as a promising cancer treatment approach.
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1 Introduction

The occurrence and development of tumors, from metastasis to treatment resistance, result from the mutual interaction between cancer cells and the tumor microenvironment (TME). The TME, a complex and dynamic system, primarily comprises tumor cells, adjacent immune and inflammatory cells, tumor-related fibroblasts, surrounding stromal tissues, microvessels, and various cytokines and chemokines (1). Tumor formation is a complex and detailed biological process where cancer cells and their surrounding TME continuously interact and regulate tumor progression. The mutations within tumor cells, abnormalities in biological traits, persistent inflammation around the tumor and the remodeling of the extracellular Matrix (ECM) represent several closely related biological processes (2, 3). Notably, the components of the TME contribute to various cancer hallmarks, thereby being acknowledged as potential targets for cancer therapy. The TME encompasses both stromal and non-cellular components. Stromal cells consist of immune cells (lymphoid cells, tumor-associated macrophages (TAMs), dendritic cells (DCs), cancer-associated fibroblasts (CAFs), endothelial cells, and pericytes). Non-cellular components include the Extracellular Matrix (ECM), extracellular vesicles (EVs) or exosomes, and the microbiome (3). Tumor-associated stromal cells provide physical support to cancer cells and secrete growth factors, cytokines, chemokines, and ECM proteins that promote tumor growth.

The NF-κB signaling pathway plays a critical role in these processes, which is well-known for its role in regulating immune and inflammatory responses, and its activity is intricately linked with various components of the TME. Persistent activation of NF-κB within the TME can promote chronic inflammation, which in turn supports tumor growth, survival, and metastasis. Given its central role in inflammatory signaling, the relationship between the NF-κB signaling pathway and the TME has garnered considerable interest. Understanding this link is essential for developing targeted therapies aimed at disrupting the pro-tumorigenic interactions within the TME.




2 NF-κB signaling pathway in glance

The nuclear transcription factor NF-κB, recognized for its ability to bind to the enhancer element of the Kappa light chain gene in B cells, plays a pivotal role in regulating innate and adaptive immune responses. Its influence extends across a wide array of biological functions, including cell proliferation, apoptosis, angiogenesis, and tumor metastasis (4). The NF-κB signaling pathway is divided into canonical and non-canonical pathways (5). The canonical NF-κB pathway facilitates the activation of transcription factors such as NF-κB1 (p50), Rel- A (p65), and c-Rel, integral members of the classical NF-κB family. This pathway is quickly and transiently triggered by various extracellular stimuli through receptors like cytokine receptors, pattern recognition receptors (PRRs), tumor necrosis factor receptors (TNFRs), G protein-coupled receptors (GPCRs), T cell receptors (TCRs), and B cell receptors (BCRs) (6).

Conversely, the non-canonical pathway is specifically activated by a selective group of TNF-family cytokines, including lymphotoxin (LT), receptor activator of NF-κB ligand (RANKL), CD40 ligand (CD40L), and B cell activating factor of the TNF family (BAFF/TNFSF13B) (7). Unlike the canonical pathway, the non-canonical route gradually induces the activation of IKK1 and NF-κB inducing kinase (NIK), ultimately influencing the interaction between p52 and Rel-B (8).

In an inactive state, NF-κB is sequestered in the cytoplasm by the IκB-α proteins, which inhibit NF-κB signaling. In respond to inflammatory stimulation, IκB kinases (IKKs) are activated, phosphorylating IκB-α and leading to its ubiquitination by the E3 ubiquitin ligase β-TRCP. This process results in the degradation of IκB-α, freeing NF-κB to migrate to the nucleus and modulate the expression of genes such as tumor necrosis factors-α (TNF-α),interleukin-1(IL-1), and IL-2 (9, 10).

Notably, IKKs consists of two catalytic subunits, IKKα (IKK1) and IKKβ (IKK2), and a regulatory subunit, IKKγ (NEMO). IKKβ is essential for classical NF-κB activation, while IKKα primarily facilitates non-classical NF-κB activation (11) (Figure 1).




Figure 1 | Canonical pathway and non-canonical pathway of NF-κB signaling pathway. The canonical NF-κB signaling pathway is initiated by various extracellular stimuli through different receptors, including TLRs, PRRs, TNFRs, GPCRs, TCRs, and BCRs. This activation occurs through the CARD-BCL10-MALT1 (CBM) complex and TAK1, leading to the phosphorylation and activation of the IKK complex (comprising IKKγ(NEMO), IKKα, and IKKβ) specifically through the phosphorylation of IKKβ. The activated IKK complex then phosphorylates members of the inhibitor of κB (IκB) family, such as IκBα, targeting them for ubiquitin (Ub)-dependent degradation in the proteasome. This degradation process releases the Rel-A/p50 or c-Rel/p50 or p50/p50(only Rel-A/50 is shown in Figure 1), which translocates to the nucleus to regulate gene transcription. In contrast, the non-canonical pathway is activated by the members of TNFR superfamily (such as CD40, LTβR and RANK), which specifically engage NIK. NIK then phosphorylates IKKα, leading to the phosphorylation of p100 on its carboxy-terminal serine residues. The phosphorylated p100 undergoes partial degradation to p52, which then associates with REL-B and translocates to the nucleus to participate in transcription events. TLRs, TLR toll-like receptor; PRPs, pattern recognition receptors; TNFRs, tumor necrosis factor receptors; GPCRs, G protein-coupled receptors; TCRs, T cell receptors; BCRs, B cell receptors; TANK1, TGF-β-activated kinase 1; LTβR, LTB lymphotoxin β;RANK, Receptor Activator of NF-κB; NIK, NF-κB-inducing kinase.






3 NF-κB-mediated shaping of the tumor immunity



3.1 NK cells

Natural killer (NK) cells, key effector lymphocytes of the innate immune system, play a crucial role in the suppression of various neoplasms through the secretion of cytolytic mediators such as perforin and granzyme B (12). It was also reported that NK cells turn cancer cells to death directly via perforin and granzyme B, which endorses them to be a valuable tool in cancer treatment (13, 14).

The NF-κB pathway is a key regulator of perforin expression, as demonstrated by Jun Zhou et al. in 2002 (15). Subsequent research by Chunjian Huang et al. in 2006 unveiled a novel NF-κB binding site instrumental in modulating human granzyme B gene transcription in a IL-2 signaling-dependent way (16). Recent studies have demonstrated that, in a head and neck squamous cell carcinoma (HNSCC) model, the ablation of the CHMP2A gene precipitates NF-κB activation in neoplastic cells, culminating in augmented chemokine secretion that facilitates NK cells migration towards the tumor microenvironment (17). In the breast cancer model, the protein Morgana—ubiquitously expressed and pivotal for embryonic development as well as tumorigenesis—has been shown to amplify NF-κB activation, thereby enhancing the recruitment of NK cells and other immune cells to the TME (18, 19).




3.2 T cells

It is well established that NF-κB is essential in the differentiation and function of lymphocytes (20). During T cell development, NF-κB is activated by TCR-peptide-MHC complexes via CARMA1-Bcl1-Malt1(CBM) complex(activated by PKCθ), controlling both the positive and negative selction (20). In contrast to its role in normal lymphocyte development, T cells and B cells recruited to the tumor microenvironment (TME) can either promote or inhibit tumor growth, depending on their specific functions. CD8+ T cells, namely cytotoxic T cells, kill immunogen by secreting cytotoxic cytokines, including IFN-γ and Granzyme (21). Research has shown that expressing a constitutively active form of IKKβ in T cells enhances NF-κB activity, promoting an anti-tumor response that depends on IFN-γ-producing tumor-specific CD8+ T cells (22), highlighting the therapeutic potential of acceleration the IKKβ/NF-κB axis to augment antitumor immunity. A20, a ubiquitin-modifying enzyme encoded by the TNFAIP3 gene, is a critical negative regulator of NF-κB. Giordano et al. demonstrated that deleting A20 in CD8+ T cells enhances their cytotoxic function in an NF-κB-dependent manner, illustrating NF-κB’s positive role in anti-tumor activity (23). Analysis of patient tumor samples revealed that overall lung tumor NF-κB activity fosters T cell infiltration, attributable to the downregulation of chemokine ligand 20(CCL2)expression linked with tumor growth (24). This inspires us that the maintenance of appropriate NF-κB activity in CD8 T cells is of great importance for antitumor immunity, offering potential clinical applications. Another evidence of a pro-tumoral effect of NF-κB is that overexpression of NIK significantly reduced tumor size and extended survival in MC38 colorectal cancer and B16F10 melanoma models. This was accompanied by an increase in tumor-infiltrating CD4+ and CD8+ T cells, including IFN-γ-producing CD8+ T cells (25).

Compared to CD8+T cells, the indirect impact of CD4+ in TME has aroused increasing attention. Upon stimulated by antigen-peptide-MHC class II complex, CD4+ T cells undergo a multi-step differentiation process to give rise to different CD4+ helper T cell subsets, including Th1, Th2, Th17, Th9 and regulatory T cells (Tregs). In TME, CD4+T cells are recruited to cancer cells by various chemotactic factors and adhesion molecules. Depending on the expression of MHC class II molecules on the tumor cell’s surface, CD4 T cells will adopt different strategies to try to kill the cancer cells. When cancer cells highly express MHC II molecules, antigen-presenting cells (APCs) present cancer cells to CD8+ T cells. In such cases, CD4+ T cells mainly play an indirect function in helping effector T cells kill cancer cells. However, when tumor cells lack MHC class II molecules, CD4+ T cells will play a role by secreting various cytokines or assisting other immune cells (26). Conventional CD4+Foxp3− T cells (Tconv) is considered as a critical role in the effect of anti-tumor responses. And the function in various diseases is relay on the differentiation of Tconv, which is the result from the stimulation of antigen or drive of cytokine microenvironment. Guilhem Lalle found that different NF-κB subunits has different functions relevant to the context of autoimmunity. In an active murine model experimental autoimmune encephalomyelitis (EAE) model, Rel-A is indispensable for the transition from Tconv to Th17 and thereby protects against inflammation (27). In contrast, in B16-OVA melanoma tumor bearing model, c-Rel rather than Rel-A, was essential for the control of tumor growth and enhancement of anti-PD-1 treatment by impacting CD4+ Tconv (27). Hyunju Oh and Yenkel Grinberg-Bleyer identified c-Rel as crucial for thymic regulatory T cell development, while p65 is vital for maintaining mature Treg identity and immune tolerance (28). Activated Tregs (aTregs), a subset of Tregs, are known to migrate to inflammatory tissues and the tumor microenvironment, where they act as effective inhibitors of anti-tumor activity. The same research team ulteriorly demonstrated deletion of NF-κB subunit c-Rel in tumor-bearing mice displays a profound decrease of aTregs in TME and ultimately suppresses melanoma growth by boosting the anti-tumor response (29). The different effects of c-Rel on different T cell subsets and the partially redundant effects of different NF-κB isoforms suggest that the integration and construction of the tumor immune microenvironment by NF-κB is complex and requires a nuanced approach to balance complex processes when targeting NF-κB as a tumor therapy.

The CBM (CARMA1-BCL10-MALT1) complex acts as a nexus for the activation of canonical NF-κB signaling following extracellular antigen stimulation through TCR and BCR (30). The loss of Carma1 in a fraction of Tregs is sufficient to augment antitumor activity and control of tumor size. Importantly, the deletion of CARMA1 or inhibition of MALT1 reverses the insensitivity to the PD-1 blockade therapy via inducing IFN-γ-secretion in TME. The CBM complex/NF-κB pathway activation also triggers the expression of hypoxia-inducible factor-1 (HIF-1α) and IL-6, which initiate the formation of the TME. These molecules further drive Treg proliferation and migration through the MAPK/CDK4/6/Rb and STAT3/SIAH2/P27 pathways, reinforcing the immunosuppressive nature of the TME and accelerating tumor progression (31).

However, in the process of infection and cancer, the cytotoxicity function of CD8+ T undergoes a slow decay which is termed as T cells exhaustion. This exhaustion, driven by factors in the TME, results in a weakened immune response and is marked by the expression of immune checkpoint proteins. One of the primary strategies employed by tumors to evade immune surveillance is through the expression of immunosuppressive receptors such as Programmed Cell Death-1(PD-1) and cytotoxic T lymphocyte-associated antigen-4(CTLA-4) on effector T cells by their ligands present in the different cell types in TME (32), which leads to the blockade of effector function of normal T cells. Strategies for targeting T and B lymphocytes focus on blocking immune checkpoints, such as CTLA-4 and the PD-1/PD-L1 axis (33). The conditional CD28 knockout model proved that CD28 is needed for CD8+T cells proliferation after PD-1 therapy. The reversion of exhaustion of T cells is CD28-dependent and ultimately enhances the sensitivity of cancer cells to checkpoint blockade.TCR-CD28 co-stimulation is known to activate the CBM complex/NF-κB pathway in T cells, indicating that NF-κB could have a role in immune checkpoint therapy, although this needs further investigation (34). In addition to lymphoid cells, myeloid cells also express checkpoints that used to be targeted in cancer therapy. So some metabolic research has already tried to explain this by the regulation of NF-κB for metabolic reprogramming between oxidative phosphorylation (OXPHOS) and glycolysis in MDSC, which alongside with the change of checkpoints such as PD-1 in MDSC. This process eventually influences anti-immunity such as CD8+T cells responses (35).




3.3 B cells

Compared to T cell, the role of B cells within the TME is multifaceted and presents significant challenges. It has been established that NF-κB signaling pathway is essential in the maturation of B cells. Thomas Pohl et al. found the combined deletion of c-Rel and NF-κB1(p105/p50) displays severe humoral immunity due to profound B cell activation defects (36). In TME, the cancer local environment exhibits an increased presence of switched memory B cells and antibody-secreting B cells, suggesting a potential regulatory role of B cells in tumor progression via the modulation of cytokines, including inflammatory factors (37). Under CXCL13 stimulation, the NF-κB signaling pathway in B cells is activated, leading to the secretion of lymphotoxin (LT), a cytokine that triggers an IKKα–Polycomb complex protein BMI1 pathway. This pathway promotes the metastasis of prostate cancer stem cells by increasing leukocyte infiltration (38).




3.4 TAMs

Macrophages, particularly tumor-associated macrophages (TAMs), are the most abundant and critical cellular components of the TME, orchestrating various aspects of tumor immunity. M1 macrophages, activated through classical pathways, promote antitumor immunity and secrete pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6. In contrast, alternatively, activated M2 macrophages are linked to pro-tumorigenic activities and anti-inflammatory functions, including tissue repair, angiogenesis, and immunosuppression mediated by IL-10 and transforming growth factor-beta(TGF-β) (39, 40). The classical activation of macrophages, initiated by interferon-gamma (IFN-γ), differs from the alternative activation pathway, which is induced by glucocorticoids, IL-4, IL-13, and IL-10, leading to an immunosuppressive profile (41). Macrophages embody a paradoxical characteristic, capable of both pro-tumorigenic and anti-tumorigenic activities, reflecting their high plasticity and heterogeneity within the TME. In many cancers, including breast, cervical, and prostate cancers, TAMs, displaying generally M2 phenotype and contributing to tumor progression, and their high infiltration is often associated with poor patient prognosis (42). On the other hand, some reports also proved that the high density of TAMs infiltration in the tumor front has a positive relationship with the prognosis of CRC patients (40). Similarly, in colorectal cancer, macrophage in the TME ultimately polarized toward the anti-tumorgenesis phenotype(M1 phenotype) due to the attraction of T cells and the production of pro-inflammatory cytokines and chemokines (43). Taken together, these finding shows the complicated role of TAMs in cancer, which may be credited to the heterogeneity of different local tumor circumstances. As a result, researchers are increasingly focused on identifying and distinguishing TAM subtypes in the TME to better guide treatment strategies and predict patient prognosis by using innovative technologies.

Various signaling have proved to shape the phenotype of TAM, including STAT3, MAPK, IL12-R, Notch signaling pathway and Sema3A/Neuropilin-1 signaling axis et al (39, 40, 43). Among these signaling pathways, NF-κB is a regulating hub to balance between anti-tumorigenic and the pro-tumorigenic functions of TAMs. In 2008, Thorsten Hagemann and colleagues demonstrated that the depletion of IKK-β activity within TAMs can revert their tumor-promoting phenotype to antitumor M1 phenotype, indicating that reprogramming TAMs by target IKK-β target to eliminate tumor cells (44). Another intriguing study showed targeting NF-κB to induce an M1-like macrophage phenotype significantly reduced peritoneal metastasis of colon tumor in vivo. This effect was attributed to increased frequencies of activated CD4+ and CD8+ T cells and reduced angiogenesis (45). The research mentioned above demonstrated that NF-κB is an important driver of the M2-phenotype of TAMs in the tumor islet and eventually promotes the tumor progression via alteration of the inflammation or T cell infiltration in TME. Furthermore, overexpression of the p50 subunit of NF-κB is responsible for the diminished effect of M1-type macrophages in vivo and in vitro, which eventually changes the inflammation environment of TME (46). In addition to the inflammatory environment, the regulation of angiogenic factors and chemokines by NF-κB in macrophages represents a critical area of focus in cancer research. Vascular Endothelial Growth Factor (VEGF), as a key component of vasculogenesis and angiogenesis during development and physiological homeostasis, has been proven to be upregulated by the inflammatory mediator lipopolysaccharide (LPS) and by engagement of CD40 by CD40 ligand (CD40L), which is dependent the activation of NF-κB signaling (47). These findings describe that a series of cytokines and chemokines regulated by NF-κB in macrophages in the tumor microenvironment affects the inflammatory environment and pro-angiogenic environment in the tumor islet, thereby affecting the effect of the microenvironment on tumor progression in a different aspect.

However, contradictory results emerged in recent seminal projects. Cycling hypoxia(CyH) is a statement of intermittent hypoxia and particularly exists in TAMs. In monocytes, CyH enhances the pro-inflammatory phenotype of M1 macrophages evidenced by increased production of pro-inflammatory cytokines and expression of pro-inflammatory genes by activation of JNK/p65 signaling axis (48). It is an established fact that NF-κB activation in macrophages in the onset of inflammation is related to the expression of proinflammatory genes(e.g.TNF-α, IL-β), whereas NF-κB activation resolution phase is associated with the expression of anti-inflammatory genes(e.g. TGF-β1).In TME, similar to this phenomenon, TAMs driven by NF-κB during the beginning of the tumor tend to produce proinflammatory cytokines such as TNF-α and IL-β to suppress tumor growth. However, with the occurrence and development of tumors, NF-κB-mediated TAMs gradually turn to an anti-inflammatory property, which is manifested as immunosuppression (49, 50). VEGF also plays an indispensable role in the shaping of immunosuppressive microenvironment. On one hand, VEGF-A(a subunit of the VEGF superfamily) directly upregulates the expression of inhibitory receptors involved in T cell exhaustion including CTLA-4, PD-1 and Lag-3.On the other hand, targeting VEGF-A in vitro and in vivo reverts the inhibitory molecules which is associated with T exhaustion (51). The two coins inspire us that the relationship and crosstalk between T cells and macrophages regulated by NF-κB shape the characteristics of the tumor immune microenvironment. Furthermore, the duality and complexity of NF-κB-mediated TAMs enlighten us that a nuanced understanding of macrophage dynamics within the TME underscores the complexity of the immunological landscape in cancer. It offers insights into potential therapeutic strategies aimed at modulating macrophage function to combat tumor progression.

Of note, TAMs are shown to promote tumor development by maintaining an inflammatory microenvironment. Targeting TAMs’ inflammatory signaling pathways, such as the CSF1R pathway, is a current research focus (52). Additionally, TAMs express immune checkpoint ligands, suggesting that lymphocyte-targeting strategies could apply to TAMs as well (53). Targeting the NF-κB signaling pathway, a key chronic inflammatory pathway, has emerged as a significant research direction for cancer treatment.




3.5 DCs

Under physiological conditions, DCs are recognized as the most efficacious professional antigen-presenting cells (APCs), endowed with the capability to engulf, process, and present a diverse array of antigens, inclusive of tumor antigens, to antigen-specific naïve T cells. The growing evidences supports that the relationship between DCs and T cells, based on reciprocal signals exchanged during physical interactions, helps us to have a better understanding of the tension of immunity at the tumor site. The DCs in tumor islets function as shepherds in T cell anti-tumor effect cause DCs not only drive different signals into T cells which is essential in the development and maturation of effector T cell (54). Within the TME, however, DCs constitute a distinct subset of cells characterized by a unique phenotype and functional capacity, manifesting a dichotomous role that spans both pro-tumorigenic and anti-tumorigenic activities. It is well acknowledged that conventional DCs are generally divided into two subsets–cDC1s and cDC2s, which both develop in response to Flt3L from common myeloid progenitors (CMPs) and give rise to pre-cDC1s and pre-cDC2s (54). Recent findings underscored the dynamic nature of tumor-infiltrating dendritic cells (TIDCs), highlighting a pivotal transition from immunostimulatory to immunosuppressive functions as the neoplasm progresses (55). Barbara Maier identified a new cluster of DCs and named it with mature DCs enriched in immunoregulatory molecules (mregDCs), which express various immunoregulatory genes such as Cd274, Pdcd1lg2and Cd200. The expression of PD-L1 in mregDCs is induced by the receptor tyrosine kinase AXL with the negative control of IL-4 and positive regulation of IL-12 (56). This delicate regulator of DCs at the tumor site inspires the possibility of reversing the dysfunction and tolerance of DCs in TME to enhance the immunotherapy of cancer. Together these outcome not only delineates the intricate involvement of DCs within the neoplastic landscape but also elucidate a portion of the underlying complexity associated with their role in tumorigenesis.

Pertaining to the mechanistic underpinnings, it has been elucidated that the expression of PD-1 on DCs impedes NF-κB-dependent cytokine secretion through a mechanism contingent upon SHP-2 activation, which ultimately the dysfunction of DCs (57, 58). Yoshimura and colleagues proved that the expression of costimulatory molecules, MHC molecules, and production of various cytokines by DCs is downregulated by NF-κB activation, such as MHC class II-SIINFEKL complex, TNF-α, IL-6.In contrast, adhesion molecules are up-regulated after inhibiting the activity of NF-κB, indicating the additional effect of NF-κB on the interaction between DCs and T cells (57, 59). Through comparison between the control group and lung cancer patient sera and analysis of transcriptomic, the researcher found that the dysfunction of DCs in TME is controlled by the attenuating canonical NF-κB and STAT3 signaling, especially by reducing the antigen presentation ability of DCs (60). Of note, CCR7+DCs derived from cDC1s almost retain in tumor site and enhance anti-tumor immunity through mediating the expression of various chemokines and cytokines which are essential in the function of T cells and NK cells. The development of CCR7+DCs from cDC1s is dependent on transcription factor IFN regulatory factor 1 (IRF1), which is proved to be regulated by NF-κB in the maturation of tumor infiltrating cDC1s in melanoma model (61). This revelation contributes to a deeper understanding of the molecular pathways influencing DC functionality within the TME, shedding light on the nuanced interplay between immune surveillance and tumor evasion strategies. However, the general positive anti-tumor effect induced by NF-κB in DCs may be a contradiction to the negative effect of inflammation induced by NF-κB in the immune microenvironment such as TAMs and Treg, which shed light on tipping the nuanced balance in the therapy of cancer.




3.6 MDSCs

MDSCs represent a diverse assembly of pathologically activated, immature cellular entities playing a pivotal role in the orchestration of immunosuppressive networks. Characterized by their potent ability to inhibit T-cell mediated responses, MDSCs significantly contribute to the evasion of immune surveillance by malignant neoplasms (62). Emerging evidence underscores the role of MDSCs in tumor infiltration and promotion of angiogenesis, primarily through the secretion of matrix metallopeptidase 9 (MMP9) and their direct integration into the tumor endothelium, facilitating vasculogenesis (63). The deletion of c-Rel in melanoma and lymphoma mice model dramatically reduces the size and weight of the tumor. Compared to the control, the metabolism in Rel-/- MDSCs was significantly reprogrammed with their mitochondrial respiratory parameters decreased and glycolysis enhanced. Notely, inhibiting c-Rel functions as a selective switch of anti-tumoral genes. All these data underscores the important role of c-Rel in the development of MDSCs that promote cancer (64). Furthermore, MDSCs are proved to be activated by the IL-1-induced NF-κB signaling pathway, which is thought to be one of mechanisms that fosters gastric inflammation and the proliferation of carcinoma cell (65). A crosstalk with STAT3 also regulates the functions of MDSCs. A research proved that the myeloid-related protein S100A9 induced by STAT3 enhances the accumulation and production of MDSCs in cancer (66). Another research proved that S100A8/A9-enhanced NADPH oxidase affects downstream NF-κB signaling pathway, which may play role in positive effect on MDSCs recruitment. This underlines the critical function of MDSCs in the modulation of tumor microenvironments via NF-κB, promoting both tumorigenesis and progression. The roles of different NF-κB subunits in the shaping of tumor immune microenvironment is concluded in Table 1.


Table 1 | Roles of NF-κB in the shaping of tumor immune microenvironment.







4 Altering non-immune cells in the surroundings of tumor



4.1 CAFs

CAFs have been identified as pivotal constituents in the dialog between tumor cells and the TME, playing a central role in tumor progression. The fundamental contribution of CAFs to tumorigenesis, including tumor growth, invasion, and metastasis, is attributed to their capacity to modulate tumor-associated inflammation (67). CAFs contribute to breast and pancreatic cancer development by secreting cytokines like CXCL12 and CXCR4 and promoting metastasis through ECM remodeling (68). Targeting CAFs has potential in preventing tumor growth, with several drugs, including FAP, under clinical trial (69). NF-κB activation within the TME upregulates chemokines, which sustain the TME by recruiting immune and inflammatory cells, as well as progenitors of CAFs (70, 71). Studies have demonstrated that CAFs originating from skin tumors enhance macrophage recruitment, neovascularization, and tumor growth—effects that are abolished by the inhibition of NF-κB signaling (70).

IKKβ, a critical component of the IKK complex, is recognized not only for its essential role within this complex but also for its upstream regulation and pro-tumorigenic influence on NF-κB signaling. Contrary to previous findings, an interesting study revealed that IKKβ deficiency in CAFs promotes intestinal epithelial cell proliferation, inhibits tumor cell apoptosis, increases CD4+Foxp3+ regulatory T cell accumulation, and stimulates angiogenesis, thereby facilitating colonic tumor growth (72). As precursors to CAFs, mesenchymal cells also play a significant role in the acquisition of cancer characteristics through their interactions with adjacent epithelial and neoplastic cells, as well as other stromal cells. They contribute to the cancerous milieu by providing cytokines and chemokines, growth and survival factors, proangiogenic molecules, and enzymes for extracellular matrix remodeling. Koliaraki have demonstrated that specific deletion of IKKβ in intestinal mesenchymal cells(IMCs) in vivo results in reduced tumor incidence following exposure to azoxymethane(AOM) and dextran sodium sulfate(DSS) treatment, which is associated with diminished inflammatory cell infiltration and tissue damage in the initial stages of disease development (73, 74).




4.2 Epithelial cells/Endothelial cells

Epithelial cells, lining the surfaces of organs and body structures, can undergo significant transformations contributing to tumor development and the orchestration of the TME, angiogenesis, and metabolic reprogramming. Recent findings highlight the crucial role of NF-κB in modulating epithelial cell dynamics, primarily through its interactions with other signaling pathways. This interplay between NF-κB and various pathways is essential for regulating the phenotypic transformation of epithelial cells, laying the foundation for tumorigenesis. Notably, Schwitalla et al. demonstrated that NF-κB potentiates Wnt signaling, facilitating the dedifferentiation of epithelial non-stem cells into tumor-initiating cells. This process underscores the significance of NF-κB in the early stages of cancer development (75).

Additionally, IL-6, a downstream effector of NF-κB predominantly secreted by bone marrow-derived myeloid cells, plays a crucial role in this regulatory network. IL-6 activates the STAT3 pathway in both inflammatory and epithelial cells, leading to an increased nuclear presence of β-catenin. This key event in the pathogenesis of colorectal cancer highlights the interconnected roles of these signaling molecules in carcinogenesis (76).

The epithelial-to-mesenchymal transition (EMT) represents a critical shift where epithelial cells adopt mesenchymal characteristics, shedding their inherent epithelial traits (77). NF-κB influences this process by inducing transcription factors such as Twist and Snail, which are pivotal in orchestrating EMT (78, 79). In breast cancer cells, the involvement of NF-κB extends to mediating the expression of key EMT transcription factors, including Slug, Sip1, and Twist1,alongside NF-κB-dependent regulation of ZEB-1/ZFHX1A and ZEB-2/ZFHX1B, also known as Smad-interacting protein (78, 80). In addition, as an classic hallmarker of EMT,MMPs are zinc-dependent endopeptidases that can participate in proteolysis and can cleave several ECM components and non-ECM molecules (81). Identification of MMP-9 to barrier function in intestinal epithelial cell is not dependent on apoptosis and necrosis, but through the NF-κB mediating myosin light chain kinase (MLCK) protein and IL-6 expression, which gives explanation of the invasion of intestinal tumor (82). Conversely, suppression of p65 through siRNA result in the downregulating of MMP-9 in human oesophageal squamous cell cancer (ESCC) and inhibiting the proliferation and invasion ability ESCC (83). This intricate regulatory mechanism by NF-κB underscores its integral role in the modulation of EMT, further implicating its contribution to cancer progression.

In contrast, endothelial cells(ECs) lining the inner vessel wall are in direct face with flowing blood, which is not only relevant for controlling blood fluidity and permeability and orchestrating tumor angiogenesis but also for regulating the antitumor immune response (84). Angiogenesis is thought to mainly include degradation of the endothelial basement membrane and ECM, and directed migration of endothelial cells into surrounding stroma in response to angiogenic stimuli. In ECs, MMPs as an important ECM protease are also crucial in the process of tumor cells’ transendothelial migration and acceleration of invasion and metastasis mainly through angiogenesis. Low fluid shear stress in human umbilical vein endothelial cells (HUVECs) greatly induced MMP-9 expression, which is interrupted by the inhibition of the activity of NF-κB (85). It is a fact that platelet-activating factor (PAF) accelerates angiogenesis by promoting various angiogenic factors in a manner dependent on NF-κB. Similarly, Hyun-Mi Ko found that overexpression of p65 induces the activity of MMP-9 luciferase and the mRNA expression of MMP-9, which plays a key role in PAF-induced angiogenesis (86). VEGF interacts with two primary receptor tyrosine kinases: VEGFR1 (fms-like tyrosine kinase, or Flt-1) and VEGFR2 (kinase insert domain receptor/fetal liver kinase-1, or KDR/flk-1) (87). These receptors, along with VEGF, are notably overexpressed in the endothelial cells of blood vessels associated with tumors (88). Research conducted by Fengyun Dong et al. revealed that DHA specifically reduces VEGFR2 expression and this process is connected by the NF-κB motif, suggesting that inhibition of NF-κB could serve as a viable strategy to mitigate tumor angiogenesis (89). Another important chemokine CXCL12, plays a key role in the communication of tumor cells and another component of TME and eventually affects tumor angiogenesis, proliferation and chemoresistance (90). In vascular endothelial cells, Madge et al. demonstrated that the non-canonical NF-κB pathway is crucial for the expression of CXCL12, emphasizing the pathway’s significance in mediating angiogenic signals (91). The NF-κB-inducing kinase (NIK) activates this non-canonical signaling route and is often found highly expressed in tumor tissues. Consistently, Noort et al. observed a notable reduction in the number of CXCL12-positive blood vessels which is dependent on non-canonical NF-κB in the tumor tissue of Nik-/-mice (92), highlighting non-canonical NF-κB components may serve as a focal point modulating vasculogenesis, angiogenesis and the attraction of immune cells (93). In response to various stimuli, endothelial cells secret and synthesize monocyte chemoattractant protein-1 (MCP-1), which is a major chemoattractant for monocytes, T lymphocytes, and basophils and changes the component and function of TME. NF-κB -like binding site and the AP-1 binding site are required for maximal induction of the human MCP-1 promoter by IL-1β, which suggests cytokines inducing MCP-1 in human endothelial cells is dependent on the coordination of NF-κB and AP-1 siganlings (94). A glance of tumor microenvironment regulated by NF-κB via different cell is reviewed in Figure 2.




Figure 2 | A glance of tumor microenvironment regulated by NF-κB. NF-κB modulates the dynamic state of the tumor microenvironment through its effects on various cells, including immune cells and myeloid cells, among others. In NK cells, the activation of the NF-κB pathway upregulates the expression of perforin and granzyme, crucial for inhibiting tumor growth and invasion. MDSCs are influenced by c-Rel-mediated IL-1 signaling, which suppresses T-cell-mediated responses and contributes to immune evasion. Furthermore, p50 or IKKβ drives TAMs towards a tumor-promoting M2 phenotype. In constrast, CyH enhance phenotype of M1 macrophages by activation of JNK/p65 signaling axis. The deletion of the NF-κB subunit c-Rel significantly reduces the generation and maintenance of activated regulatory T cells (aTregs), highlighting its essential role in immunosuppression. NF-κB(p65) also stimulates cancer-associated fibroblasts (CAFs) to enhance macrophage recruitment, neovascularization, and tumor growth via chemokines—a process that contrasts with the effects of IKKβ inhibition. IKKβ deficiency in CAFs promotes intestinal epithelial cell proliferation, inhibits tumor cell apoptosis, increases CD4+Foxp3+ regulatory T cell accumulation, and promote colonic tumor growth. Additionally, NF-κB promotes epithelial-mesenchymal transition (EMT) by inducing the transcription of factors like MMP-9,Twist and Snail, further illustrating its pivotal role in tumor progression and metastasis. CTCs, Circulating Tumor Cells; EMT, Epithelial–Mesenchymal Transition; MDSC, Myeloid-Derived Suppressor Cells; CAFs, Cancer-Associated Fibroblasts; TAMs, Tumor-Associated Macrophages; aTreg, Activated Treg cells; DCs, Dendritic Cells.






4.3 Cancer cells

Many reviewers have concluded the tumorigenic process and draw a consensus that generally three phases of tumor: tumor initiation, tumor promotion and tumor progression. In the first stage of tumor, the DNA of tumor cell undergoes mutation and switches between oncogenes and/or the tumor-suppressor genes(e.g.KRAS and p53). The next step of tumorigenesis is the proliferation and growth of tumor cells which is mainly induced by various cytokines(e.g.IL-1, IL-6, TNF-α), which is concluded in the process of promotion. The final step is the invasion and metastasis of cancer cells, which is characterized by additional mutations and entitles the tumor cell with many malignant phenotypes (5).

It is well acknowledged that the activity of NF-κB within tumor cells is also associated with the dynamics of TME and changes the pace of progression of tumor. NF-κB is proven to be an activator of anti-apoptotic genes. In the process of tumor initiation, the activation of NF-κB in tumor cells mediates the epigenetic changes and instability of telomerase activity. For example, in diffuse large B cell lymphomas (DLBCL),p65 binds to the transcription start site (TSS) and regulates miRNA expression such as histone H3K27me3 and histone H3K4me3, which is associated with the progress of carcinoma (95). In human cancer cells, the reactivation of telomerase reactivation is one of the characteristics of cancer progression, which is attributed to the exhibit of a multitude of properties including increased proliferation, increased resistance to apoptosis and increased invasion. NF-κB transcriptionally upregulates telomerase levels, which binds to p65 and forms feedback to the enhancement of NF-κB -IL-6 axis (96). In the promotion of tumor, NF-κB is an essential switch of anti-apoptosis genes, which include cellular inhibitors of apoptosis (c-IAPs), caspase-8–c-FLIP (FLICE inhibitory protein), A1 (also known as Bfl1), TNFR-associated factor 1 (TRAF1) and TRAF2 (97). The anti-apoptotic properties in tumor cells to some extent endow these cells with the ability of unlimited proliferation and thus promote the occurrence and development of tumors. The inflammation induced by NF-κB is another important part of tumor promotor, which is mainly dependent on the immune cell in TME we have mentioned above. Last but not least, the invasion and metastasis of tumor cells can be regulated by the change of NF-κB. One example of this fact is the expression of matrix-degrading enzymes such as MMP-9 induced by NF-κB. In prostate carcinoma cells, inhibiting NF-κB activity resulted in the downregulation of MMP-9 mRNA, leading to decreased invasion of tumor. In addition, NF-κB signaling blockade inhibited in vitro and in vivo secretion of VEGF, IL-8, and MMP-9, and hence decreased neoplastic angiogenesis (98). MMP-9, upregulated in angiogenic islets and tumors, enhances the bioavailability of VEGF to its receptors, crucial for angiogenic switching and subsequent tumor growth (99). In breast cancer, the increasing of NF-κB activity leads to the higher expression of testes-specific protease 50 (TSP50) via regulating the secretion of MMP-9,which eventually promotes cell invasion and tumor metastasis (100). VEGF, an acknowledged most endothelial cell-specific angiogenic factor, is produced by various cell types, including endothelial cells(described in the former part) and cancer cells (47). In prostate cancer cells, bombesin(BBS) induced IκB degradation and activated NF-κB, resulting in increased IL-8 and VEGF mRNA expression and stronger migration of HUVECs in vitro (101). Consistent with this finding, inhibition of NF-κB activity via IKK2 inhibitor attenuates the expression of VEGF‐A and HIF‐1α expression and some other inflammatory chemokines CCL2 and CXCL5 in TNF‐α‐stimulated HUVEC, thereby diminishing the infiltration of inflammatory cells into the corneal stroma (102). Urokinase‐type plasminogen activator receptor (uPAR) is displayed high level in in malignant tumors and is thought to be an attractive target for the therapy of many cancers. This interaction between uPAR and uPA initiates a proteolytic cascade that culminates in the degradation of the extracellular matrix (ECM), thereby facilitating the invasion and metastasis of malignant tumors (103). In a pioneering study conducted in 1999, Weixin Wang was the first to demonstrate that uPA is a downstream target gene activated by constitutively active Rel-A in human pancreatic tumor cells (104). This finding underscores the potential critical involvement of constitutive Rel-A activity in tumor progression, specifically in aspects of invasion and metastasis. Further extending our understanding of the molecular mechanisms underlying cancer metastasis, Sliva et al. revealed that Protein Kinase C (PKC) modulates cell motility by regulating uPA expression via the activation of transcription factors AP-1 and NF-κB in breast cancer. This body of work collectively highlights the intricate regulatory networks that govern tumor aggressiveness and offers valuable insights into potential therapeutic targets for combating cancer metastasis (105). The different effects of NF-κB on oncogenesis is concluded in Table 2.


Table 2 | NF-κB regulates oncogenesis via different ways.







5 Crosstalks between different cells regulated by NF-κB in TME

Just as we concluded and reviewed above, TME is a highly complicated system mainly composed of infiltrating immune cells, cancer-associated stromal cells(e.g. CAFs, ECs) and tumor cells, along with the extracellular matrix (ECM) and various molecules (116). It is important to note that their reciprocal interactions either amplify or counteract their effects, giving rise to a complex network within the tumor microenvironment which ultimately governs the occurrence and development of tumors.

The significance of effector T cells as crucial anti-tumor agents within the tumor microenvironment is widely acknowledged, despite their frequent manifestation of anergy or exhaustion. Nevertheless, the other cells in TME present in the tumor microenvironment can modulate effector T cells capacity through interaction and crosstalks, thereby offering potential avenues for ameliorating T cell exhaustion. The dendritic cells (DCs) in tumor-draining lymph nodes of cancer patients can disrupt immunological tolerance by presenting antigens to naive T cells. We now understand that interactions between T cells and DCs not only play a critical role in the cancer immunity cycle, including important reactions within the tumor microenvironment that support anti-tumor responses, but also are essential for controlling tumor and successful cancer immunotherapy (54). So due to the critical role of DCs in shaping the activity of CD8+T cells, increasing effort has been made to repair and enhance the insufficient T cells. The CCR7+DCs that metastasize through lymph nodes migrate to lymph node regions abundant in CD8+ and CD4+ T cells by binding to CLL19 and CCL21 on the cortical surface of lymph nodes(LN). Upon binding antigen peptide-MHC via TCR-CD28 and costimulatory receptors, T cells trigger an immune response, leading to sustained and stable interaction with cDCs in the lymph node region. This promotes cytokine communication between them, resulting in positive feedback that further amplifies the effector T cell-mediated immune effect (54). We have mentioned in the section 3.5, in melanoma model, NF-κB regulate the transcription factor IRF1,which is essential in the development of CCR7+DCs from cDC1s (61). This indicates NF-κB functions as anti-tumoral role through accelerating DCs-T cells interaction. Similarly, Christopher S. Garris found that DCs in TME can sense IFN-γ,which is produce by aPD-1 activated T cells. In turn, DCs produce more IL-12 to enhance the anti-tumor effect of T cells, which is proven to be regulated by non-canonical NF-κB transcription factor pathway (106). Through generating transgenic mice with targeted NIK deletion in CD11c+ DCs, Anand K. Katakam found that non-canonical NF-κB mediated by NIK is indispensable for DCs to cross-present antigen and initiate CD8+T cells responses to CD40 agonism (117).

Other interactions with different cell types happen in TME as well. a study demonstrated that CAFs is involved in the abnormal differentiation and impaired antigen presenting function of DCs via down-regulating of NF-κB (118). In this aspect, NF-κB appears to play a beneficial role in the anti-tumoral activity by facilitating intercellular communication among different cell types within the tumor microenvironment (TME). Therefore, further investigation is needed to determine whether NF-κB also regulates other crucial immune cell interactions such as B cells-T cells.




6 Linking chronic inflammation to the progression of cancer

Chronic inflammation is widely recognized as a hallmark of cancer, driving tumor progression. NF-κB, a critical inflammatory signaling pathway, acts as a tumor promoter in many cancer types. The inflammatory microenvironment supports tumor growth by enhancing cellular proliferation, survival, migration, and angiogenesis (119). Pro-inflammatory cytokines like TNF-α and IL-6 play key roles in promoting tumor progression.

Notably, in the Mdr2-/- knockout mice model, a model of CAC, a seminal study demonstrated that inhibiting NF-κB signaling in inflammatory and endothelial cells—through IkB-superrepressor induction or anti-TNF-α treatment reverses the process of transformed hepatocytes developing to hepatocellular carcinoma (120), which represented the pioneering attempt to investigate the involvement of NF-κB in both inflammatory processes and carcinogenesis.IL-6, another key factor in this process, is released by myeloid cells under the control of NF-κB and influences various aspects of tumor proliferation (121). Studies have shown that NF-κB signaling can enhance tumor growth both directly and indirectly. Inhibiting IKK-β, a crucial component of the NF-κB pathway, reduces the production of inflammatory mediators like IL-6 and TNF-α, thereby limiting inflammation-driven cell proliferation in CAC (111). Further studies have revealed that the tumor pro-proliferative effects of NF-κB are mediated indirectly through IL-6 and related cytokines produced by myeloid cells. These cytokines activate STAT3 in IECs, affecting both their survival and proliferation (112). Additionally, research has highlighted the role of nitric oxide (NO) in fostering chemoresistance in pancreatic cancer by stimulating IL-1β secretion in tumor cells, thereby safeguarding them against anticancer drugs. This mechanism involves a paracrine-positive feedback loop that activates NF-κB, underlining the complex interplay between inflammation and cancer progression (113).

However, we must admit that the inflammation process is constantly evolving and the effect of NF-κB on cancer is not always positive. So it is complicated and tricky to understand the specific impact of NF-κB on the process of cancer. While NF-κB is a central regulator of gene expression in both innate and adaptive immunity, contributing to the elimination of transformed cells, its function varies contextually. In acute inflammation, NF-κB activation within immune cells often exhibits potent cytotoxic effects against tumor cells (122). Earlier research also reported that in human squamous cell carcinomas (SCCs), co-expression of IκBα, an inhibitor of NF-κB, fires the process of Ras-induced cancer (123), which is consistent with the susceptibility of blockade of NF-κB to squamous cell carcinoma (124). Contradictions emerge regarding the role of IKKβ across different cancer types. In a melanoma mouse model, the deletion of IKKβ in myeloid cells leads to enhanced tumor growth due to the change of myeloid cytokine/chemokine expression (125). Conversely, in a CAC model, the loss of IKKβ in enterocytes accompanies with a diminishment of tumor size even in the presence of heightened inflammation (126). The dual effect of IKKβ may partly account for the lack of clinical success of IKKβ inhibitors to date.

In a chemically induced liver cancer model, the deletion of NEMO in hepatocytes led to spontaneous hepatocellular carcinoma development in mice, suggesting NEMO functions as a tumor suppressor in the liver, revealing a function of NEMO as a tumor suppressor in the liver. However, this effect still requires the activation of NF-κB in Kupffer cells, which induces the expression of cytokines and chemokines (127). This may be explained by the anti-apoptosis character of NF-κB. The deficiency of NEMO in hepatocytes undergoes apoptosis in response to the chemical stimulation which triggers the compensatory proliferation of Kupffer cells and creates a tumor microenvironment associated with inflammation to promote tumor development. The tricky phenomenon may reflect that different cancer systems or different progress of cancer correspond to the involvement of different polarized inflammatory reactions induced by NF-κB. Considering the various effects of NF-κB on tumor progression, it must be cautious to target NF-κB numbers and tip the balance in different biological activity in order to treat cancer.




7 Crosstalks with STAT3 and Wnt/β-catenin signaling pathway

STAT3 plays a pivotal role in various tumor-related processes, including cell proliferation, survival, angiogenesis, and invasion. It is also a crucial factor in tumor-induced immunosuppression at multiple levels (128). In many types of tumor,NF-κB and STAT3 are constitutively activated in response to the upstream autocrine and paracrine factors that are produced within the tumor microenvironment.When receiving the stimulis such as cytokines and growth factors, NF-κB and STAT3 influence the progression of tumor through regulating repression of cytokines, growth factors in tumor cells and some other inflammatory/immune mediators (115).

The most important fact of NF-κB and STAT3 is to regulate the expression of cytokines chemokines and chemoattractants which act in the recruitment and renewal of different cells in the tumor microenvironment. First of all, STAT3-inducible up-regulation of the myeloid-related protein S100A9 enhances MDSC accumulation, which leads to suppression of anti-tumor immune responses (66). Another research proved that S100A8/A9-enhanced NADPH oxidase affects downstream NF-κB signaling pathway, which may play role in positive effect on MDSCs recruitment (114).

NF-κB and STAT3 act as two major transcriptional factors to link inflammation with tumorigenesis, and they functionally interact with each other at many different layers (33). The interaction between NF-κB and STAT3, however, is complex, as they act as cooperative partners in regulating a variety of target genes that influence tumor progression (33). Key downstream factors of NF-κB such as IL-6 and cyclooxygenase-2 (COX2) not only play critical roles in tumor initiation and progression under the influence of NF-κB but are also involved in STAT3 activation (128). Intriguingly, STAT3 has been shown to mediate the acetylation of NF-κB, enhancing its nuclear retention through the recruitment of acetyltransferase p300.STAT3-mediate acetylation activity leads to continuous NF-κB, which is crucial for alter of tumor microenvironment. On the another hand, constitutive activation of NF-κB results in more secretion of IL-6,which also activates STAT3 and formats a positive activation loop. Moreover, phosphorylated STAT3 has been reported to activate the transcription of proliferative genes through NF-κB, suggesting a positive feedback loop within the NF-κB-IL-6-STAT3 signaling pathway (69). This pathway, as discussed, influences the expression of pro-survival and angiogenic factors like VEGF and MMP9, which are also regulated by STAT3 (79, 128, 129). Additionally, both NF-κB and STAT3 act as transcriptional repressors of p53 expression, a critical tumor suppressor factor in the tumor microenvironment (TME) (69, 130).

Although active NF-κB in immune cells and tumor cells have a crucial role in anti-tumor activity, constitutive activation of NF-κB in tumor cell is recognized as a promoter of pro-survival and angiogenic factors, such as BCL-XL,surviving,MCL1,VEGF and MMP9,which are also regulated by STAT3 (5). It is also proved that STAT3 inhibit IL-12, TNF, IFNβ, CXCL10, CCL5 (also known as RANTES), CD40, CD80, CD86 and MHC class II molecules, which are immune-stimulating genes regulated by NF-κB (131, 132). In this aspect, the relationship of NF-κB and STAT3 seem to be confounding. Another interesting research proved that absence of IKKβ causes STAT3 activation, leading to upregulated ROS accumulation in mouse hepatocellular carcinomas (HCC), and inverse relationships between the activation of NF-κB and STAT3 have also been observed in human HCC (133).

Another important crosstalk of NF-κB is Wnt/β-catenin signaling pathway, which regulates stem cell renewal, organogenesis, cell cycle and inflammation environment of tumor (134, 135). It is now accepted that the abnormal of Wnt/β-catenin signaling pathway is a early event of colorectal tumorigenesis (136, 137). Sarah Schwitalla et al.found NF-κB(p65) directly binds to β-catenin, which increase the expression of Wnt-regulated stem cell gene in IEC, leading to the dedifferentiation of epithelial nonstem cells into tumor-initiating cells (75).




8 The connections of NF-κB and metabolism within TME



8.1 Glycolysis

Metabolic reprogramming is a hallmark of tumor cells, allowing them to meet the material and energy demands of rapid tumor cells proliferation. According to the As outlined by the Warburg hypothesis, cancer cells heavily depend on glycolysis as their main energy source. TME favors anaerobic glycolysis, leading researchers to investigate it as a potential therapeutic target (138, 139). A compelling aspect of NF-κB signaling is its ability to reprogram cellular metabolic networks, thereby sustaining tumor proliferation and driving cancer progression.

Evidence suggests that NF-κB regulates glycolysis in the TME. Rel-A, a key NF-κB subunit, also plays a role in glycolysis regulation. The lack of Rel-A in mouse embryonic fibroblasts (MEFs) shows increasement of glucose consumption and lactate production, which indicates that NF-κB is involved in the process of reprogramming to glycolysis. Furthermore, Rel-A deficient impair the ability of adaptation to glucose starvation and lead to the death of cell instead of reprogramming to OXPHOS (139). Kawauchi et al. found that IKK/NF-κB pathway activation caused increased expression of GLUT3, enhancing glucose uptake and promoting glycolysis. Interestingly, a positive feedback loop between glycolysis and the IKK/NF-κB pathway supports oncogenic transformation driven by H-Ras (140). Interestingly, IKKβ functions as a sensor of glutamine levels in the TME, supporting cancer cell survival through various mechanisms. When glutamine levels are low, IKKβ is activated independently of NF-κB. Through combining with key components of glycosis,such as 6-phosphofructo-2-kinase/fructose-2,6biphosphatase isoform 3 (PFKFB3) and glutamate dehydrogenase 1 (GDH1),IKKβ plays a critical role in inhibiting glycolysis under low glutamine (141).

NF-κB is also a mediator hub of shaping T cell response via reprogramming the metabolism of TME.A study identified that NF-κB-inducing kinase (NIK) stabilize hexokinase 2 (HK2), a rate-limiting enzyme of the glycolytic pathway, by regulating the ROS level and eventually balance the NADPH redox system. The specific deletion of HK2/NIK in mice display impaired aerobic glycolysis and a dysregulated response of T cell to acute infection (25).




8.2 Lipid metabolism

Lipid is an important part of biological membranes and constitution of cells and it is also used by an energy storage and metabolism. Furthermore, lipids also regulate various cellular processes such as uptake, synthesis, and hydrolysis. In the TME, lipid metabolism is reprogrammed to meet the demands of tumor cells, supporting their rapid proliferation, survival, migration, invasion, and metastasis (142).

In gastric cancer, it was proved that FA-induced hyper-O-GlcNAcylation promotes the expression of CD36 by increasing the activity of NF-κB and directly modifying CD36 at S468 and T470,which is convenient for the metastasis of gastric cancer (143). The deficiency of Rel-A in MEFs and human CRC cell lines leads to the alteration of lipidomic profiles via carboxylesterase 1(CES1), connecting obesity-related inflammation with lipid metabolism in aggressive forms of CRC (144). In Drosophil, NF-κB/Relish and Foxo competitively regulate the balance lipid metabolism during metabolic adaptation. Although the process is independent of infection, Relish-Foxo signaling still mediates triglyceride catabolism under chronic bacterial infection, which may also contribution to tumor-associated inflammation (145).

As an important member of NF-κB family, c-Rel is considered as a hazard of cancer and inflammation, which is proved by the fact of lacking c-Rel reduces susceptibility to infectious diseases. A genome-wide associated studies shows that, comparing to control, Rel−/− MDSCs show difference expression of various genes involved in glucose, amino acid, and lipid metabolism and cell cycle checkpoint and proinflammatory activity (64).

GADD45β is a member of the “growth arrest and DNA damage-inducible” (GADD45) gene family. It was identified as a regulator of live fatty acid under fasting stress and keep the balance of normal metabolism of chronic nutrient oversupply (146). In one hand,GADD45β is proved to regulate NF-κB to play a role in antiapoptotic activity in cancer cells. On the other hand, the deletion of GADD45β in MDSCs restores the activation of TAMs and CD8+ T cells infiltration and ultimately hinders the process of tumorgenesis (147).




8.3 Oxidative metabolism and mitochondrial metabolism

In normal cells, glucose deprivation triggers the activation of AMP-activated protein kinase (AMPK), an energy sensor that reprograms cellular metabolism toward fatty acid oxidation and OXPHOS to meet the bioenergetic needs of the cell and maximize energy efficiency (148).

In energy-deficient environments, AMPK, an energy sensor, shifts cellular metabolism towards fatty acid oxidation and OXPHOS to optimize energy production. OXPHOS, a key component of mitochondrial metabolism, is often dysregulated and reprogrammed in malignant tumor cells. This metabolic plasticity is exploited by cancer cells, contributing to tumorigenesis (149).

Just as we demonstrated in section 3.2, regulation of NF-κB for metabolic reprogramming OXPHOS and glycolysis in MDSC, which alongside with the change of checkpoint such as PD-1 in MDSC, which involves in anti-immunity such as CD8+T cells responses. Ting Li et al. found that comparing to wild type cells, Rel−/− MDSCs displayed diminishing OXPHOS flux and mitochondrial ATP production, while increasing glycolysis. While C/EBPβ overexpression in Rel knockout MDSCs isolated from LysM-Cre/RelF/F mice effectively rescued their phenotype, reducing glycolysis and increasing OXPHOS and expression of proinflammatory cytokines (28). These results align with the concept that OXPHOS-based metabolism is a hallmark of immunosuppressive cells, such as Tregs and M2 TAMs (150). Consistently, the inhibition of NF-κB/Rel-A in MEFs resulted in decreased oxygen consumption and glycolytic reprogramming, with augmented glucose consumption and lactate production, which is reversed by p53 reconstitution in Rel-A−/− cells, suggesting the indispensable role of NF-κB/p53 axis in metabolic adaptation in normal cells and cancer (149).





9 Role of NF-κB in the resistance to therapy via TME

It is well documented that NF-κB signaling pathway functions in enhancing drug resistance in chemotherapy, immunotherapy, endocrine, and targeted therapy. Increasing numbers of studies proved that chemotherapy for cancer also depends on the interaction between cancer cells and the surrounding TME components (151). We will conclude the mechanism of resistance induced by NF-κB in different cell components of TME.

Just we mentioned above, TAMs as the most abundant population of tumor-infiltrating immune cells within TME, are generally divided into two subsets– pro-inflammatory classical (M1) and suppressive alternatively activated (M2) subtypes. In most cases, just as we mentioned above, the activation of NF-κB induces the M2 macrophage in TME, which is a promoter of tumor progression (152). TNFα secreting from TAMs promotes melanoma resistance to MAPK pathway inhibitors through NF-κB via regulation of expression of the microphthalmia transcription factor (MITF) (153). Another report found that in the duration of antitumor immunity by inducing interferon (IFN) response, the activation of NF-κB by a long noncoding RNA-IFN-responsive nuclear factor-κB activator (IRENA) in M1 macrophages and increased secretion of pro-inflammatory cytokines, which promote breast cancer chemoresistance (154). In human ovarian cancer (OC) cells, NF-κB mediates the enhanced expression and production of CCL2 and stimulates the activation of the PI3K/Akt pathway, which results in the development of paclitaxel resistance. During this process, CCL2 also functions as a chemotactic factor, inducing macrophage chemotaxis, which may lead to chemotherapy resistance (155). Another research proved triptolide(TPL) could inhibit the migration and invasion of OC cells in vitro and in vivo by inhibiting the polarization of M2 TAMs, which reduced the tumor burden via PI3K/Akt/NF-κB signaling pathway (156). Using 10x Genomics single-cell sequencing technology, CCL5 was increased secreted undergoing aPKCι-induced EMT and consequently modulated macrophage recruitment and polarization dependent on NF-κB signaling, which eventually leads to gemcitabine resistance (157).

As a major component of the tumor stroma, CAFs function in the dialogue between tumor cells and the TME, playing a central role in tumor progression, including tumorigenesis, supporting angiogenesis, fostering resistance to therapy, and suppressing antitumor immune responses. circZFR was highly expressed in cisplatin (DDP)-resistant HCC cell lines and the CAFs-derived exosome, regulating DDP resistance of the HCC cells via STAT3/NF-κB signaling (158). Lnc RNA UPK1A-AS1 induced by IL8/NF-κB signaling in CAFs serves as a chemoresistance promotor and is critical for active IL8-induced oxaliplatin resistance in pancreatic ductal adenocarcinoma (PDAC) (159). Similarly, CAF-derived IL-8 promotes chemoresistance in human gastric cancer via NF-κB activation (160).

MDSCs activated the PI3K/AKT NF-κB signaling pathway in B cells through the PD-1/PD-L1 axis, which forms the immunosuppressive functions of PD-1+PD-L1+ B cells, which suggests the role of NF-κB in PD-1 therapy resistance and the combined targeting of PI3K/AKT and PD-1/PD-L1 tactics (161). In T cells, the deletion of CARMA1 or inhibition of MALT1 enhances the sensitivity to the PD-1 blockade therapy via inducing IFN-γ-secretion in TME, which we just mentioned in section 3.2 (162).

Considering the positive effect of NF-κB in different components of TME to therapy resistance, the research found strategies for reversing drug resistance mainly involved in NF-κB inhibitors, which showed promising outcomes in preclinical experiments although there is a long distance to get the clinical application before finding a better balance between positive and negative effect.




10 Discussion

A wealth of research in recent years has been paid attention to the role of NF-κB in the orchestration and dynamics of TME. In this review, we intend to highlight the pleiotropic role of the NF-κB signaling pathway in more aspects of TME. NF-κB signaling pathway appears to be crucial in shaping tumor immune microenvironment, changing the function of stromal cells of TME, regulating angiogenesis and invasion and linking inflammation with tumorgenesis, leading to directly or indirectly influence the dynamics switch between anti-tumoral activity and pro-tumoral activity. Although several fundamental research findings presented in this review demonstrate the crucial role of NF-κB signaling in orchestrating the tumor microenvironment, it is important to acknowledge that potential biases may exist due to the methodology employed in these studies, thereby causing confusion regarding the precise involvement of NF-κB in the tumor microenvironment. Firstly, part of the NF-κB signaling involved in the shaping of cytokines affecting the tumor microenvironment has only been verified in tumor cell lines (109). Additionally, RNA sequencing has been employed in several studies to investigate disparities in gene expression among cancer patients (57), with a specific focus on enhancing the NF-κB signaling pathway. However, it is imperative to further explore and elaborate upon these findings due to the potential overlap between signaling pathways and the distinct roles played by certain genes.

A comprehensive understanding of the complicated role of NF-κB signaling in TME entitles researchers to better explain the effect of therapies targeting NF-κB signaling. It is well documented that TNF-αinducing NF-κB signaling and regulate the expression of anti-apoptosis and cell cycle progression genes. So inhibition of NF-κB or anti-TNF-α may offer an attractive combined strategy for immunomodulatory cancer therapy. p50 knockout macrophages exhibited more T cell infiltration and higher expression of pro-inflammatory cytokines in vivo, which enlightens us that targeting p50 represents an innovative anticancer strategy, complementary to immunostimulatory strategies (46). In melanoma and lymphoma,c-Rel is proven to play a central role in aTreg and MDSC biology and suggests that c-Rel deletion has effects on anti-tumor responses (64). Pentoxifylline (PTXF), an FDA-approved drug, can cause selective degradation of c-Rel, without affecting p65.PTXF has been widely used in the therapy of type 2 diabetes mellitus and chronic kidney disease (CKD). Although the role of c-Rel in shaping of Treg and MDSC in TME is well acknowledged, the inhibitor of c-Rel such as PTXF or R96A has not been used in the clinical trial. What is more, given the importance of CARMA1-BCL10-MALT1 as an NF-κB platform complex in lymphocyte development and function, multiple studies have confirmed that MALT1 suppression in Treg cells will reshape the immune microenvironment convenience to immune checkpoint therapy (162). Of note, IKKβ inhibitors have demonstrated efficacy in various pre-clinical models of cancer and inflammatory disease. For instance, MLN-120B(the ATP-competitive IKKβ inhibitor) is convinced to be a promoter of therapeutic efficiency in mouse models of rheumatoid arthritis(RA). Furthermore, clinical trials of the drugs inhibiting IKKβ are still rare in considering the various reasons, including the important role of IKKβ in some cases, improper dose plan and impertinent patient group selection (163). In contrast to the fact of tumor-promoting functions of NF-κB in both malignant and inflammatory immune cells, the activation of the IKKβ/NF-κB signaling axis in CAFs was surprisingly found to be a tumor suppressor of intestinal tumor growth (72).

The complexity and heterogeneity of the TME also pose substantial challenges to such targeted approaches. For instance, TAMs exhibit varied phenotypes based on their differentiation, significantly impacting tumor evolution and the TME (164, 165). Moreover, the specificity of the TME to each tumor’s organ or tissue of origin, coupled with the pre-existing conditions such as chronic inflammation in cancers of the colon, stomach, and liver (as opposed to gliomas and breast cancers), further complicates therapeutic interventions (166). It is also crucial to acknowledge the sophisticated feedback mechanisms regulating NF-κB activation, necessitating a cautious and well-considered approach in leveraging NF-κB targeting as a cancer treatment strategy.

The fundamental principles and findings from prior clinical trials collectively indicate that NF-κB is more likely to have side effects. This consensus is based on the fact that NF-κB plays an indispensable role in many biological processes, including immune cell development, normal cell proliferation, and so on, and its inhibition may produce undesirable side effects. So before we can safely put targeting or inhibiting NF-κB to clinical application, we must realize the putative efficacy mainly depends on the type of cancer and the dynamics immune microenvironment. But during the dynamic changing of NF-κB in TME, the short-term inhibitor of this signaling in the peak range may be efficient in the therapy of cancer. For example, as a characteristic of activated B cell-like Diffuse large B-cell lymphoma (ABC DLBCL), constitutive activation of NF-κB signaling drives cancer cell proliferation/survival (167), which provides a shred of reasonable evidence for therapeutic strategies targeting IKKβ/NF-κB. On the other side, it is still not an advisable therapy to singly inhibit NF-κB signaling number to achieve the clinical expectation. The use of synergistic combinations between targeting NF-κB and other immune therapy is to expected be employed to achieve a desired therapeutic effect, thus reducing systemic toxicity. Just as we mentioned above, in some cases, NF-κB may serve as a tumor suppressor, which suggests it must be cautious to control the duration and dosage of this treatment plan.
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Transmembrane integrin-associated protein CD47 functions as a potent innate immunity checkpoint and is upregulated by many types of malignant cells, including melanoma during tumor progression. Binding of CD47 to its target receptor, SIRPα, on myeloid cell lineages leads to the initiation of the downstream signaling cascades that inhibit innate immunity anti-tumor responses. Molecular mechanisms underlying upregulation of CD47 during melanoma progression remain largely unknown. In this report, we performed ATAC-Sequencing on patient-derived melanoma cells, as well as, the analysis of ATAC-Seq datasets covering clinical melanoma samples to demonstrate a significant increase in chromatin accessibility for the CD47 promoter region in comparison to normal cells and tissues. Additionally, profiling of multiple CD47 transcript isoforms established that upregulation of CD47 in malignant cells occurs at the mRNA level. Using chromatin immunoprecipitation (ChIP) approaches along with the analysis of ChIP-Seq cancer datasets, we identified the transcription factor NRF-1 which binds at multiple sites within the proximal CD47 promoter region. In combination with serial deletions of CD47 promoter, we defined the minimal DNA region required for its activation, as well as, specific DNA locations within that region, which are preferentially occupied by NRF-1 in tumor cells.
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Introduction

Understanding mechanisms leading to the acquisition of immune-evasive properties by malignant cells represents a critical step in the design of effective anti-cancer regimens. Previous studies by our group and others identified integrin-associated protein CD47 as the critical myeloid lineage checkpoint that is overexpressed by various types of tumor cells, including melanoma, and inhibits innate immunity-mediated anti-tumor responses (1–4). First discovered on the cell surface of circulating red blood cells (RBCs), CD47 is able to interact with the SIRPα receptor present on the macrophages to inhibit their phagocytic function, a phenomenon that later became known as the “don’t eat me” signal (5). Subsequent research on hematopoietic malignancies including acute myeloid leukemia (AML) and non-Hodgkin lymphoma (NHL) revealed that malignant cells hijack this mechanism to evade surveillance by an innate immunity during cancer progression (4, 6, 7). These results were later extended into the studies of the solid tumors, where it was shown that high levels of CD47 are associated with disease progression and/or poor patient prognosis, including epithelial (breast, ovarian, colon, and others) (8–10), mesenchymal (sarcomas) (11, 12), and neuronal/neural crest (GBM, Neuroblastoma, Melanoma) derived malignancies (2, 13). Importantly, past research by our group demonstrated that freshly resected metastatic human melanoma tumors are highly positive for CD47, while its blockade (by administering inhibitory antibodies) led to the significant suppression of melanoma metastases in-vivo using several independently patient-derived xenografts (PDXs) (2). Clinical significance of these findings has been translated into the development of therapeutic compounds blocking CD47 interaction with SIRPα in order to reinvigorate anti-tumor immune responses, with some of them reaching Phase I and II human trials (14, 15).

While the immune-suppressive role of CD47 on the cell surface of tumor cells has been characterized to a great extent, mechanisms underlying its regulation during human cancer progression are only beginning to emerge. These studies reveal substantial variability in the transcription factor machinery involved in the regulation of the CD47 promoter depending on the tumor type. Thus, it has been shown that in leukemias (both human and mouse) MYC oncogene binds to the distal enhancer regions of the CD47 promoter to regulate its activity (16), while HIF-1α and NFκB transcription factors have been implicated in the regulation of CD47 promoter in breast, cervical, and non-small lung carcinoma cells (17–19).

In this report, we find that CD47 upregulation in melanoma occurs at the mRNA level and is associated with changes in chromatin accessibility at the CD47 promoter region using the assay for transposase-accessible chromatin with sequencing (ATAC-seq). This leads to an increased CD47 mRNA production, as determined by real-time PCR covering multiple transcript variants of this gene. To reveal molecular factors regulating CD47 mRNA expression we performed an extensive analysis of the CD47 promoter region using the MotifMap algorithm. As a result, we identified multiple locations containing the binding consensus sequence for the Nuclear Respiratory Factor-1 (NRF-1) within the proximal promoter region of the CD47 gene. Furthermore, Chromatin Immunoprecipitation (ChIP) assays revealed NRF-1 to be bound at multiple proximal CD47 promoter sites with differential affinity among malignant and normal cell types leading to increased CD47 mRNA and protein levels. Lastly, using bioluminescence reporter systems, we were able to define the minimum CD47 promoter region and the number of NRF-1 binding sites required for its efficient activation.





Materials and methods




Cell culture

Melanoma cells M1626 and M727 were maintained in RPMI with 10% FBS, M525 cells were maintained in RPMI with 5% FBS, HepG2 cells were maintained in DMEM with 10% FBS, and M354 cells were maintained in 1:1 of RPMI with 10% FBS and dermal cell basal media from ATCC (PCS-200-030). Normal melanocytes were maintained in dermal cell basal media from ATCC (PCS-200-030). All cells were grown in Tissue Culture incubators set at 5% CO2 and 37°C degrees. For NRF1 siRNA mediated knockdown, a total of 1 × 105 M727 cells were seeded in 6 well plates and incubated overnight at 37 ° C and 5% CO2. Cells were then transfected using 8 μl of siRNA transfection reagent (Santa Cruz, Cat. No. sc-29528) and 120 pmol of NRF-1 siRNA (Cat. No. sc-38105) or control siRNA-A (Santa, Cruz, Cat. No. sc-37007).





Flow cytometry

Detection and quantification of CD47 cell surface protein levels were performed using FACS and an anti-human CD47 antibody (BioLegend, Cat. No. 323106). Briefly, cells were cultured in an exponential phase and harvested before reaching confluency. To harvest the cells, the spent medium was carefully aspirated, cells were washed with PBS, and detached using Accutase™ solution (STEMCELL, Cat. No.07922) for 3 min at 37°C in an incubator with 5% CO2. The cells were then collected and washed twice with PBS and resuspended in 100 μL of ice-cold cell staining buffer (CSB) (PBS, 1%BSA) at a concentration of 0.5-1x106cells/ml. Following resuspension, cells were stained with anti-human CD47-FITC antibody (1μg/1x106cells) and incubated on ice protected from light for 20 min. After incubation, the cells were centrifuged at 200g for 5 min, the supernatant was carefully aspirated, and the cells were washed twice with 200 μL of CSB. The cells were transferred to FACS tubes and analyzed in a BD FACSymphony A5 cell analyzer, at least 1x104 cells live cells were recorded per cell type. Dead cells were excluded with a DAPI staining solution (10μg/mL). Once flow cytometry analysis was completed, data was analyzed in FlowJo v10.10 software, live cells were gated, and the geometric mean fluorescence intensity (GMFI) was obtained for each cell type. GMFI values were normalized (same number of live events per cell type) and compared between cell lines as well as their respective histograms.





qRT-PCR

Cells were grown in-vitro on p100 cell culture dishes until reaching ~70% confluency after which they were lysed using 1ml of Trizole reagent. mRNA was precipitated using isopropanol and washed twice with 70% ethanol. cDNA was synthesized using a high-capacity cDNA reverse transcription kit (4368814) and power SYBR green PCR MasterMix (4367659 Thermo Fisher Scientific) was used to quantify total levels of CD47 or NRF-1 transcripts; 18s gene was used for the normalization of qPCR results. Primer pair sequences are listed in Supplementary Table 1.





ATAC-sequencing

For ATAC-Seq 50,000 cells were collected, washed in 50 μl of cold PBS, and resuspended in 50 μl of cold lysis buffer. Nuclei were isolated by centrifugation at 500 x g for 10 min at 4°C and then incubated with a transposition reaction mix for 30 min at 37°C. Following transposition, DNA was then purified using the MinElute PCR Purification kit (Qiagen, Hilden, Germany). The transposed DNA fragments were barcoded initially amplified for 5 cycles, and further amplified by standardized PCR. The resulting ATAC libraries were sequenced on an Illumina HiSeq 2500 platform in Rapid Mode with the 50-bp paired-end reads output mode. Raw reads were aligned to the human genome reference (1000 Genomes) using BWA-MEM (version 0.7.5a) with default settings. ATAC-Seq peaks were identified using the callpeaks function in MACS2 with a threshold set to -q = 0.01. The resulting peak calls were filtered for sequences that mapped to the mitochondria using shell scripts. BigWig files were normalized and integrated with publicly available genomic and epigenomic data for visualization in the UCSC Genome Browser.





ChIP assay

For the ChIP assay cells were prepared using truChIP Chromatin shearing kit (PN520127) from covaries. Briefly, cells were cultured in 2 x p150 dishes and treated with fixing buffer have 1% formaldehyde for 10 mins followed by quenching of crosslinking with a quenching buffer for 5 mins. Cells were lysed per the manufacturer’s protocol and isolated nuclei were transferred into AFA tubes (Cat# 520135 covaris) and chromatin shearing was performed for 15 mins in E220 evolution ultrasonicator from covaries with recommended settings. 50μl of sheared chromatin sample was used to isolate DNA (Supplementary Figure S2) using a DNA purification kit from cell signaling technologies (cat# 14209S) thus the total amount of DNA in sheared chromatin was calculated using nanodrop. For immunoprecipitation, the buffers (cat# 14231) and ChIP-grade magnetic beads (cat# 9006S) were purchased from cell signaling and used as per the manufacturer’s protocol. Briefly, 5-7μg of DNA was used per reaction and 2% input material was set aside for quantification using qPCR. Each reaction was incubated overnight with 2.5-3μg of NRF-1, or isotype control IgG antibody followed by 2 hours of incubation with magnetic beads the following day. Immunoprecipitation was performed using a magnetic rack. After successful elution of pulled-down chromatin, DNA was isolated, and real-time qPCR was performed using power SYBR green PCR master mix (cat# 4367659) from Thermo Fisher Scientific. Primer pair sequences are listed in Supplementary Table 1.





Generation of stable cell lines expressing CD47 promoter reporters

CD47 promoter reporters containing various numbers of NRF-1 binding sites were created by synthesizing respective DNA regions and cloning them into pGF1-4eCOL2A1_LUC lentiviral vector using BamHI and Spe1 restriction sites. Viral packaging was done in HEK293 cells and collected virions were used to infect target cells for two consecutive days. The CD47 promoter activity of endogenous NRF-1 was assayed by measuring Luciferase bioluminescence.





Datasets Used for In-Silico Analysis

TCGA TARGET GTEx study was used to analyze CD47 expression levels in human melanoma tissues. ENCFF323SMV, ENCFF862EDR, ENCFF605IET, ENCFF785WIA, ENCFF000XJF, ENCFF644ITQ from encodeproject.org studies were used to analyze NRF-1 ChIP seq data across different types of cancer. Patient-derived melanoma cell lines were analyzed for chromatin accessibility at the CD47 promoter region using the data from the study GSE134432. The ATAC-Seq data for the melanoma patient tissues was fetched from https://gdc.cancer.gov/about-data/publications/ATACseq-AWG. For in-silico H3K4Me3 analysis of patient-derived melanoma tissue from the database GSE33930, bowtie aligner was used to align the sequence reads, followed by the emoval of mitochondrial reads and duplicates using samtools. Macs2 was used to invoke callpeaks function to obtain peakfiles which were used to generate bigwig datafiles to be visualized in IGV.






Results




CD47 upregulation in melanoma occurs at the mRNA level and is mediated by an open chromatin at its DNA promoter region

We previously established that high levels of CD47 protein on freshly isolated human tumor cells are associated with melanoma progression and immune evasion (2). To understand whether augmented CD47 expression results from an increase in corresponding mRNA production, we used metastatic melanoma patient-derived cells M727, M354, and M1626 that were determined to express various levels of CD47 (Figures 1A, B) and compared them to normal melanocytes or hepatocellular carcinoma cells, HEPG2, (known for low levels of CD47 protein) using qRT-PCR. CD47 gene is comprised of 11 exons and as a result of splicing, most notably between exons 8-10, multiple mRNA isoforms are translated (Supplementary Figure 1A). Therefore, to prospectively quantify levels of all CD47 transcript isoforms we designed multiple primer sets for a common exon 2, as well as, two primer sets that amplify mRNA regions between exon 2-4 and exon 7-8 (Supplementary Figure 1B, Supplementary Table 1). After performing multiple qRT-PCR assays, our results demonstrate that all metastatic melanomas expressed 10-15 folds (depending on the isoform) elevation in CD47 mRNA as compared to normal melanocytes or HepG2 cells (Figure 1C). To further explore clinical significance of our findings, we investigated CD47 mRNA levels among 422 melanoma subjects in comparison to 123 normal skin subjects using TCGA TARGET GTEx dataset. Utilizing an unsupervised dimensional reduction approach, we generated UMAP graphs that visualized patterns of clusters across diagnosed subjects and levels of CD47 mRNA expression. Significantly, two distinct clusters were formed based on the CD47 mRNA levels, high and low, which corresponded to the malignant melanoma patients cluster (high) and the normal skin cluster (low) (Figure 1D).




Figure 1 | Upregulation of CD47 expression during melanomagenesis. (A) Flow cytometry analysis of CD47 expression in indicated cells. (B) Expression of CD47 protein on the membrane of indicated cells. CD47 expression is represented as normalized geometric mean fluorescent intensity (GMFI). (C) Relative expression of CD47 mRNA in fold changes comprehensively evaluated by six primer sets to capture all the CD47 mRNA isoforms abundance levels. (D) Unsupervised dimensional reduction analysis of a dataset from TCGA TARGET GTEx study was performed to visualize the distinctive clusters and expression of CD47 in melanoma and normal skin samples. The transcript matrix was processed in R studio package called “umap” for UMAP generation. Samples with higher CD47 in melanoma as seen on the heatmap represent the “Melanoma cluster”, and samples with lower CD47 expression represent the “Skin” cluster in UMAP.



To understand molecular mechanisms of augmented CD47 mRNA expression in malignant melanoma, we investigated the dynamics of chromatin re-modeling at CD47 promoter using ATAC-Seq. This approach allows the generation of a cell-specific chromatin accessibility landscape to determine the level of open chromatin and subsequent promoter activation. First, we used in-silico ATAC-Seq analysis of the skin cancer melanoma (SKCM) dataset (https://gdc.cancer.gov/about-data/publications/ATACseq-AWG) containing malignant tissues obtained from 13 melanoma subjects (11 samples were analyzed in duplicates) and a melanoma dataset (GSE134432) containing 9 genetically homogenous melanoma patient-derived cell lines to gain insights into the accessibility of the CD47 promoter region. Our results demonstrate that in both freshly resected melanoma samples, as well as, in melanoma patient-derived cell lines, the DNA region corresponding to the CD47 promoter has a significantly increased chromatin accessibility which could be conjectured as a sign of active mRNA transcription (Figure 2A). To validate these changes in the chromatin landscape of the CD47 promoter region during melanomagenesis, we performed ATAC-seq on multiple independent patient-derived melanoma cell lines in comparison to normal adult melanocytes. Importantly, we were able to detect strong peak signals associated with an open chromatin structure around the promoter of CD47 in malignant melanomas, which were missing in normal adult melanocytes indicating the closed chromatin structure of the CD47 DNA promoter region in non-transformed cells (Figure 2B).




Figure 2 | Changes in chromatin landscape of CD47 promoter region in patient melanomas and patient-derived melanoma cell lines. (A) Analysis of ATAC-seq peak signals around the CD47 DNA promoter region in surgically removed melanoma patient tumors and established cell lines using SKCM and GSE134432 databases. (B) Analysis of CD47 promoter region chromatin structure using ATAC-Seq approach on independent patient-derived melanoma cell lines (M727, M1626, M525) and normal melanocytes. (C) Analysis of H3K4Me3 histone modification mark at the CD47 promoter DNA region using melanoma patient samples and melanocytes from the database GSE33930. Peaks were called using Macs2 and peak files in the Bigwig format were visualized in the IGV 2.7 version.



Open chromatin status is often associated with specific histone modifications such as H3K4Me3, which is commonly found at the promoter regions of actively transcribed genes (20). To determine whether this mechanism can account for an increased CD47 mRNA production during melanomagenesis, we performed in-silico analysis of H3K4Me3 histone modifications at the CD47 promoter in melanoma patients and normal adult melanocytes using the GSE33930 dataset. Our results demonstrate that peak signals for H3K4Me3 DNA modification at the CD47 promoter region are significantly stronger in malignant melanomas in comparison to normal melanocytes (Figure 2C).





Nuclear respiratory factor-1 TF binds to the CD47 promoter with preferential affinity to the most proximal region in melanoma

To identify transcriptional regulators of the CD47 promoter we analyzed its DNA region (± 1000bp relative to the transcription start site (TSS)) for the presence of potential TF binding sites using MotifMap and the Eukaryotic Promoter Databases. Results ranking based on FDR (< 0.038) and p-value (< 0.001) scores revealed a number of DNA binding sites within that region (-63bp, -28bp, -22bp, -14bp, and +32bp), all corresponding to the NRF-1 consensus sequence (Figure 3A). To validate predicted interactions of NRF-1 with CD47 promoter we first performed in-silico analysis of ChIP-seq datasets derived from different types of cancer. Importantly, strong peak signals corresponding to NRF-1 binding at the CD47 promoter were identified in the majority of tumors (results presented as fold changes over control), except for HepG2 hepatocarcinoma (Figure 3B), which was found to express low CD47 protein and mRNA transcript levels (Figure 1).




Figure 3 | Identification of NRF-1 TF as the regulator of CD47 mRNA expression in melanoma. (A) Numerous NRF-1 TF binding sites were predicted and identified in the proximal region of the CD47 Exon1 DNA Region. The consensus sequence required for the NRF-1 TF binding was extracted using the Motifmap algorithm. (B) Analysis of publically available ChIP-seq datasets for indicated cancer types reveals NRF-1 binding at the CD47 Exon1 promoter region.



Next, to determine NRF-1 regulation of CD47 promoter, we performed Chromatin Immunoprecipitation (ChIP) assays on malignant patient-derived melanoma cells, as well as, adult normal melanocytes and HepG2 cells. Following incubation of the sheared chromatin (500-1000bp) with NRF-1 Ab the pulled-down DNA fragments were quantified by PCR using primer sets designed to amplify only the CD47 promoter regions spanning different putative NRF-1 binding sites (Figure 4A). To precisely delineate NRF-1 DNA binding regions within the CD47 promoter, we designed multiple primer pairs to enrich for the following sites relative to TSS: Set 1 (-38/+28) includes putative binding sites at -28, -22, and -14bp; Set 2, (-38/+56) includes putative binding sites -28, -22, -14, and +32; Set 3 (-63/-36) includes putative binding site at position -63bp only (Figure 4A, Supplementary Table 1). An additional set of primer spanning the promoter region of MEF2A gene (a validated NRF-1 binding target) was used as a positive control for all ChIP experiments (Supplementary Figure 2). ChIP analysis on the above indicated cell types identified NRF-1 loading at the predicted DNA region of the CD47 promoter with differential affinity for proximal and distal binding sites (Figure 4B). Thus, in malignant melanomas there was a significant increase in binding affinity at the most proximal sites (-28, -22, -14) as compared to normal melanocytes (1.7-fold for M727 and 2.4-fold for M1626). Moreover, when compared to HepG2 cells, which have been characterized by the lowest levels of CD47 mRNA and protein, differences in NRF-1 binding affinity were found to be even greater (1.85-fold for M727 and 3.8-fold for M1626 Figure 4B middle panel). Inclusion of the proximal downstream binding site (+32bp) resulted in similar differences in the NRF-1 binding affinity between malignant melanoma and low CD47 expressing cells (adult melanocytes and HepG2 cells) (Figure 4B right panel). However, differences in NRF-1 binding affinity were diminished at the more distal binding site (-63bp) within the CD47 promoter region (Figure 4B left panel). In summary, these findings indicate that CD47 transcriptional regulation by NRF-1 is determined by the proximal promoter region in melanoma cells.




Figure 4 | NRF-1 TF differentially binds at the proximal CD47 promoter region spanning between -38 to +56bp relative to TSS. (A) Various sets of primers to target and enrich indicated regions of predicted NRF-1 binding at CD47 promoter. (B) ChIP assays demonstrating differential affinity binding of NRF-1 at predicted DNA regions of CD47 promoter. The strongest affinity for melanoma cells was determined for binding sites located between the -38 to 56bp region of the CD47 promoter.







Effective activation of CD47 promoter requires multiple NRF-1 binding sites between -120bp to +50bp promoter region

Initiation of transcription from eukaryotic promoters often requires binding of the TFs at numerous locations within the promoter region. Identification and validation of multiple NRF-1 TF binding sites within the proximal region to the CD47 TSS (200 bp window) prompted us to investigate the minimum adequate length of DNA required for the CD47 promoter activation. To achieve this goal, we designed and cloned a series of bioluminescent reporter plasmids expressing Luciferase gene under the control of the proximal CD47 promoter region containing various numbers of NRF-1 TF binding sites (Figure 5A). Specifically, construct 1 contained all five NRF-1 proximal binding sites and covered the DNA region from -120 to +50bp relative to the TSS, construct 2 contained four out of five NRF-1 binding sites and covered the region from -70 to +30 bp, and lastly construct 3 contained only three out of five NRF-1 binding sites and covered the region from -62 to +30bp of CD47 promoter relative to the TSS. Lastly, we also used a complete promoter deletion variant of Luciferase expressing plasmid as a negative control (construct 4 Figure 5A). All of the above variants of the CD47 promoter region were synthesized and cloned into the lentiviral plasmid pGF1-4eCOL2A1_Luc (21) using BamHI and Spe1 restriction sites. In order to evaluate endogenous NRF-1 activity at the CD47 promoter, we generated melanoma cell lines to stably express all versions of Luc reporters using previously published lentiviral transduction protocols (22, 23). To obtain statistically significant results, raw Luc bioluminescence values were first normalized to the viral copy numbers (VCN) for each reporter plasmid. Briefly, serial dilutions of the known concentration of each Luc reporter plasmid were premixed with 5ng of carrier genomic DNA (isolated from each of the above-indicated cell lines), and the real-time PCR was performed using Luciferase primers. Obtained CT values were used to generate a standard curve which allowed to calculate the VCN values for the known concentration of plasmids according to the given formula:




Figure 5 | Activation of CD47 promoter requires DNA region containing multiple NRF-1 binding sites located between -120bp to +50bp relative to TSS. (A) A series of Luciferase reporter constructs harboring different lengths of CD47 promoter region were generated to assay the NRF-1 mediated CD47 promoter activation. (B) Luciferase signals were read using a 96-well plate reader and normalized to viral copy number (VCN) and total protein. VCNs were calculated for each plasmid construct for every cell line separately using serial dilutions of plasmids to generate a linear regression curve with a slope equation that was further used to calculate the VCN of samples. (C–E) Relative CD47_NRF1 Luc reporter assay signal in fold changes for M727, M354 and HepG2 cells. A construct with no CD47 promoter region was used as a negative control.



	

	

Thus obtained linear regression curves allowed us to calculate viral copy numbers for an equal amount of genomic DNA for each individual cell line (Figure 5B). Moreover, raw bioluminescence values were also normalized to the amount of total protein present in each lysate. Normalized data demonstrated that initiation of CD47 transcription requires the presence of all five NRF-1 DNA binding sites (Figure 5C). Thus, Luc activity was induced 5-8 fold in melanoma cells containing full-length proximal CD47 promoter (Construct 1) as compared to low CD47 expressing HepG2 cells (Figure 5C), while CD47 promoter region containing a reduced number of NRF-1 binding elements (Constructs 2 and 3) had marginal or no effect on reporter activity in the same cells (Figures 5C–E). In conclusion, our data demonstrates that the promoter region required for efficient CD47 transcriptional activation in melanoma lies between -120 to +50bp relative to the TSS.





NRF-1 activity directly contributes to the CD47 expression in melanoma

To demonstrate functional significance of NRF1 TF in the regulation of CD47 we tranduced melanoma cells expressing CD47_Luc promoter reporter (Construct 1 described above) with siRNAs (a pool of 3) targeting NRF1 mRNA to achieve its downregulation (Figure 6A). Subsequent quantification of Luc signal revealed a significant reduction in CD47 promoter activity (by more than 60% (p=0.0149)) in cells transduced with NRF1 siRNA as compared to matching controls transduced with SC siRNA (Figure 6B). Next, we profiled these cells for an endogenous CD47 mRNA levels using qRT-PCR and multiple sets of primers corresponding to its various regions. Our data demonstrates that NRF1 downregulation causes at least 50% decrease in CD47 mRNA expression in target cells (p=0.0245 - 0.00361) (Figure 6C). Lastly, we used FACS and fluorescent conjugated antibodies to quantify CD47 protein on the cell membrane, critical aspect of its immune modulatory function during tumor progression. Our analysis demonstrates that NRF1 downregulation leads to the significantly reduced proportion of melanoma cells expressing high levels of this innate immunity checkpoint when compared to the original cell population trasduced with control SC-siRNA: 7.04% CD47high//91.8% CD47low for NRF1-siRNA and 34.3% CD47hig//64.1% CD47low for SC-RNAi transduced cells (Figure 6D). In summary, the above described results provide strong experimental evidence to indicate that NRF1 is directly involved in regulation of CD47 expression in melanoma.




Figure 6 | NRF-1 downregulation reduces expression of CD47 in melanoma. (A) Quantification of NRF1 mRNA following siRNA mediated knockdown in melanoma cells using qRT-PCR and two independent sets of primers, S1 and S2. (B) Quantification of CD47 prmoter activation using Luc reporter assay in the cells transduced with NRF1_siRNA or control, SC_siRNA. (C) Quantification of CD47 mRNA following siRNA mediated NRF1 knockdown in melanoma cells using qRT-PCR and six independent sets of primers, S1- S6. (D) Analysis of cell surface CD47 protein levels using FACS for cell populations transduced with NRF1_siRNA or control, SC_siRNA.








Discussion

Cluster of Differentiation 47 (CD47), also known as Integrin Associated Protein (IAP), is a transmembrane protein belonging to the immunoglobulin superfamily (Ig) which regulates a variety of cell processes including, cell adhesion, motility and apoptosis (24–26). It gained considerable attention in the past decade after its function as a potent innate immunity checkpoint regulator was characterized first for hematopoietic malignancies and later for solid tumors, including melanoma (2, 27–29). Interaction of CD47 with the signal regulatory protein-alpha (SIRPα) receptor expressed on many myeloid derived cell lineages activates molecular pathways effectively inhibiting an anti-tumor function of innate immunity (30). Upregulation of CD47 by tumor cells in order to avoid immune recognition and elimination is thus regarded as one of the critical steps during carcinogenesis. Therefore, revealing mechanisms involved in the regulation of CD47 expression represents a pivotal task in our understanding of tumor progression and immune evasion. Importantly, highly diverse mechanisms of malignant transformation and cancer progression can result in different modes of CD47 regulation depending on the tissue type of tumor origin. For example, NFκB TF has been shown to activate CD47 expression by binding to the distal enhancer elements in cells derived from breast, cervical, and non-small lung cell carcinomas (18, 19, 31). Other oncogenic TFs have also been reported to affect CD47 expression directly as a part of an oncogene-driven process of malignant transformation. Thus, hypoxia inducible TF, HIF-1α, binds to the CD47 promoter region at -239bp and -200bp relative to the TSS and induces its expression in response to hypoxic conditions in-vitro in MCF7 cells (17). Other studies implicated MYC, a well-characterized TF with strong oncogenic potential, in the transcriptional regulation of CD47 during the progression of leukemia using MYC-induced T cell acute lymphoblastic leukemia mouse model; MYC T-ALL, and human leukemia cells lines; CCRF-CEM and Jurkat (16). Interestingly, binding sites for MYC TF were also identified in our analysis of CD47 proximal promoter region (Supplementary Figure 3A), however, MYC binding was undetectable in human malignant melanoma within CD47 DNA promoter region between -120bp to +54 relative to TSS required for its activation (Supplementary Figure 3B).

In our present work, we used numerous clinical human melanoma samples, as well as, previously collected pathological datasets of disease progression to establish that the tumor-specific upregulation of myeloid checkpoint molecule, CD47, occurs at the mRNA level during melanomagenesis. We reveal that it is mediated by a significant increase in chromatin accessibility at CD47 prmoter region, including elevated levels of epigenetic histone modifications at H3K4Me3 residues, in melanoma but not in normal melanocytes or HepG2 cells which are known for low CD47 expression. Using serial DNA deletion analysis in combination with bioluminescence reporter systems, we determine that the minimum promoter region required for CD47 transcriptional activation in melanoma lies between -120 to +50bp relative to the TSS. Furthermore, we identified NRF-1-TF as a specific transcriptional regulator of CD47 promoter, which was found to be physically associated with multiple binding sites at the promoter region using ChIP approaches. Our data demonstrate that NRF-1 binding to the most proximal sites at -28, -22, and -14bp sites relative to the TSS appears to be a critical step during CD47 promoter activation which distinguishes it from the cells of low CD47 levels. This indicates that the basal level of CD47 transcription can be initiated by NRF-1 binding to the distal regions of the CD47 promoter starting at -63bp (which is detected for all cell types); however, upregulation in CD47 mRNA synthesis occurs only in response to NRF-1 occupying additional proximal sities indicated above. Importantly, downregulation of NRF1 causes notable reduction of CD47 mRNA (>50%) and as a result, significant decrease in melanoma cell poolations with high CD47 levels. At the same time CD47 expression was not completely abolished in response to NRF1 downregulation. pointing to the fact that other TFs mentioned above (such as NFkB and HIF1a) whose biding sites are identified within CD47 promoter/enchancer regions can contribute to its expression. Further studies focused on combinatorial approaches to simultaneously modulate activity of NRF1 along with other TFs mentioned above at the CD47 prmoter/enchancer DNA regions will be required to precisely delineate each TF contribution to the activity of CD47 promoter overall.

Under normal conditions, NRF-1 TF plays a vital role in maintaining mitochondrial biogenesis, including oxidative phosphorylation, by transcribing multiple proteins involved in processes regulating biogenesis such as TFB1M, TFB2M, TFAM, and cytochrome c (32, 33). However, NRF-1 has also been implicated in the process of malignant transformation based on its role in energy metabolism. Specifically, studies using human hepatocellular carcinoma and colorectal tumor tissues show the significance of upregulated NRF-1 protein levels (mediated by neutrophil extracellular trap formation) in inducing mitochondrial biogenesis promoting tumor growth and metastasis (34). In addition, NRF-1 activity has also been associated with estrogen-induced breast carcinogenesis, and renal cell carcinoma where it regulates the expression of the TFE3 gene required for cellular energy metabolism during proliferation (35, 36).

In our present study, we characterized a novel role of NRF-1 in melanomagenesis as a regulator of the major innate immunity checkpoint, CD47, in tumor cells. Importantly, binding of Pal/NRF-1 to the CD47 promoter was also previously reported in human neuroblastoma and hepatoma cell lines (37), as well as, during arising resistance to the oncogenic B-RAF molecular inhibitors (38). These findings open an opportunity for the development of modulatory compunds against NRF1 and functional testing of this TF involvment in an immune evasion by tumor cells during cancer progression. Clinical significance of these approaches can further be tested both in-vitro and in-vivo in combination with already established immunotherapeutic agents, such as PD1/PDL1/CTLA4 blocking antibodies, commonly used for the treatment of metastatic disease. Malignant transformation is a complex and multifaceted process that combines changes in both metabolism and immune recognition within cancer cells that successfully evolve to give rise to the more aggressive and metastatic tumors. NRF-1 TF therefore represents a key nodal point in this process due to its unique ability to transcriptionally regulate genes underlying both mitochondrial biogenesis and evasion of an innate immunity.
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T and I 64 (46.7%) 43 (31.4%) 0.0017
11T and TV 8 (5.8%) 22 (16.1%)

Sex, n (%)

Female 33 (24.1%) 28 (20.4%) 0.8635
Male 39 (28.5%) 37 (27.0%)

Age (years), n (%)

<60 21 (15.3%) 36 (26.3%) 0.0030
>60 51 (37.2%) 29 (21.2%)

Tumor Diameter, cm

<7 44 (32.1%) 16 (11.7%) <0.0001
>7 28 (20.4%) 49 (35.8%)
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CD19 0.257 9.08E-06(**)
B cell
CD79A 0.380 2.08E-11(***)
CDS6 0.162 5.71E-03(**)
Monocyte T
CD115(CSFIR) 0229 8.1E-05(***)
INOS(NOS2) 0253 1.35E-05(*%)
M1 Macrophage | IRF5 -0.121 4.01E-02(*)
COX2(PTGS2) 043 1.8E-14(***)
GATA3 0.447 114E-15(*%)
STAT6 0.056 342E-01
Th2
STAT5A 0.095 1.07E-01
1L13 0.157 7.48E-03(**)
FOXP3 0.279 1.37E-06(***)
CCR8 0.336 4.27B-09(**)
Treg
STATSB 0.124 3.52E-02(*)
TGFb(TGFB1) 0.36 2.51E-10(*)

*P < 0.05, **P < 0.01, **P < 0.001.
KIRP, papillary renal cell cancer.
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Cell types Function in NF-kB pathway Effect of NF-xB to immunity Reference

Tumor Immunity numbers involved
NK cells Anti-tumor NF-kB1/p50.Rel A/p65 Enhancement of cytotoxicity (15, 16, 19)
CD8'T cells Anti-tumor RelA/p65,IKKB,NIK Enhancement of cytotoxicity (24, 25)
CD4'T cells Anti-tumor RelA/p65,c-Rel Secretion of inflammatory cytokines (26)
Tregs Immunosuppression RelA/p65,c-Rel Development and maturation of Treg (28,29)
B cells Anti-tumor NF-kB1/p50, c-Rel Development and function of B cells (36)
M2 macrophages = Pro-tumor IKK-B, IkB-01, NF-kB1/p50 Induction of tumoricidal activity; Activation of (44-46)
antitumor activity

M1 macrophages =~ Anti-tumor RelA/p65 Enhancement of pro-inflammation (48)
DCs Anti-tumor IKKB Development and maturation of DCs (61)
MDSCs Pro-tumor c-Rel Selective regulation of pro-tumoral genes (64)

NK cells, Natural killer cells; NIK, NF-kB-inducing kinase; Tregs, regulatory T cells; DCs, Dentritic Cells; MDSCs, Myeloid-Derived Suppressor Cells.
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Cancer types Reference

Shaping of tumor immunity NK cells Breast carcinomas, Lung carcinomas, Urothelial carcinomas, Uasal- ~ Perforint (13, 15)
type NK/T-cell lymphoma
Granzyme Bt (14, 16)
T cells Lung carcinomas CCL20) (24)
Colon cancer HIF-0ff (1)
Breast cancer IL-61 31)
B cells Prostate cancer LTt (38)
TAMs Ovarian cancer IL-1) (44)
Ovarian carcinomas NOS| (44)
DCs Ovarian carcinomas IL-61 (59)
Ovarian carcinomas TNF-of (59)
Ovarian carcinomas IL-12t (106)
Melanoma, Ovarian carcinomas IFN-y (61, 106)
Influencing stromal cells CAFs Skin carcinomas CXCLIT (70)
in TME
Skin carcinomas CXCL12t (70)
Skin carcinomas IL-61 (70)
Skin carcinomas cox-21 (70)
Epithelial cells Breast cancer Twist? ‘ (78)
Breast cancer Snailt (78)
Breast cancer Slugt | (78)
Breast cancer Sip1t ‘ (78)
Endothelial cells Breast cancer MMP-91 ‘ (86)
Lung carcinoma VEGF} (89)
breast cancer, colorectal cancer, pancreatic cancer CXCL121 91,92)
Anaplastic thyroid carcinoma MCPIT (94, 107)
Angiogenesis and Invasion Pancreatic tumor, Prostate tumor, Breast cancer MMP-91 (99, 100, 108)
Prostate tumor, Ovarian cancer VEGF! (58, 79, 80)
Melanoma CXCL121 (91-93)
Anaplastic thyroid carcinoma MCP1/CCL2T (107, 109)
Anaplastic thyroid carcinoma IL-8/CXCL8t (107, 109, 110)
Pancreatic tumor, Breast cancer uPA(pro-uPA)t (103-105)
Cancer related inflammation Colitis-associated cancer IL-61 (111, 112)
Pancreatic tumor IL-1B} (113)
Crosstalk STAT3 Colon cancer S100A9t (66, 114)
Colitis-associated cancer IL-67 93)
Colitis-associated cancer COX-21 (5, 33,70, 115)

TAMs, Tumor-Associated Macrophages; DCs, Dendritic cells; CAFs, Cancer-associated fibroblasts; IL-1,6, Interleukin-1,6; LT, lymphotoxin; NOS, Nitric Oxide Synthase; MMP-9, Matrix
metalloproteinase-9; COX-2, Cyclooxygenase-2; MCP-1, monocyte chemotactic protein-1; TNF-0,, Tumor Necrosis Factor Alpha; HIF-0t, Hypoxia-inducible factor-alpha; CXCLS, C-X-C motif
chemokine ligand-8; CCL20, Chemokine Ligand 20; uPA, Urokinase-type plasminogen activator.
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Sources Journal IF 2022

1 75 FRONTIERS IN IMMUNOLOGY 8.786 Q1
2 58 JOURNAL OF NEURO-ONCOLOGY 4.506 Q2
3 56 CLINICAL CANCER RESEARCH 13.801 Q1
4 56 FRONTIERS IN ONCOLOGY 5738 Q2
5 56 NEURO-ONCOLOGY 13.029 Q1
6 55 CANCERS 6.575 Q1
7 50 ONCOIMMUNOLOGY 7.723 Q1
8 37 CANCER IMMUNOLOGY IMMUNOTHERAPY 6.63 Q1
INTERNATIONAL JOURNAL OF
9 33 MOLECULAR SCIENCES 6.208 Q1
JOURNAL FOR IMMUNOTHERAPY
10 27 OF CANCER 1247 Q1
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Coun Co-cited Journals IF2022
1 1322 0.05 CLIN CANCER RES 13.801 Q1
2 1230 0.2 CANCER RES 13.312 Q1
3 1216 0 NEURO-ONCOLOGY 13.029 Q1
4 1148 0 NEW ENGL ] MED 176079 Q1
5 995 0.1 NATURE 69.504 Q1
6 960 0.09 J CLIN ONCOL 50717 Q1
7 949 0.08 J NEURO-ONCOL 4506 Q
8 934 0.08 P NATL ACAD SCI USA | 12779 Q1

9 876 0 NAT MED 87.241 Q1

10 838 0 PLOS ONE 3.752 Q2
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Count

lity Year Co-Cited References

A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive

1 203 0.07 2017 . . . . .
resistance in patients with recurrent glioblastoma
2 200 0 2016 Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy
5 i g so1; | Rindopepimut with temozolomide for patients with newly diagnosed, EGFRVIII-expressing glioblastoma (ACT IV): a
randomised, double-blind, international phase 3 trial
i 66 - so19 | Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with intratumoral and systemic immune responses
: in recurrent glioblastoma
5 153 0 2016 The 2016 World Health Organization Classification of Tumors of the Central Nervous System: a summary
6 152 0.01 2018 Current state of immunotherapy for glioblastoma
Effect of Nivolumab vs Bevacizumab in Patients With Recurrent Glioblastoma The CheckMate 143 Phase 3 Randomized
7 143 0.06 2020 o .
Clinical Trial
3 129 o001 2016 Immune Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting From Germline Biallelic Mismatch
) Repair Deficiency
5 - 3k 501y | HER2-Specific Chimeric Antigen Receptor-Modified Virus-Specific T Cells for Progressive Glioblastoma A Phase 1

Dose-Escalation Trial

10 124 0.05 2019 Neoadjuvant nivolumab modifies the tumor immune microenvironment in resectable glioblastoma
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1 94 0.13 Duke Univ

2 70 0.08 Harvard Med Sch

3 53 0.04 Northwestern Univ

4 53 0.13 Univ Calif Los Angeles
niv Calif

2 50 002 ;Jan Ffancisco
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3,491 articles identified through

WOScc database searching.

2,384 articles identified.

1,107 articles were excluded (including
Meeting Abstract, Editorial Material, Book
Chapters, Proceeding Paper, Early Access,
Letter, News item, Correction, Retracted
publication, Publication With Expression Of
Concern, Non-english articles).

1,613 articles identified (including

1,007 articles and 606 reviews).

771 articles were excluded (Articles not
verified by experiments in bioinformatics
analysis, Full-text literature is not
available.).
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