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Long non-coding RNAs (ncRNAs), which do not encode proteins, regulate cell proliferation, tumor angiogenesis, and metastasis and are closely associated with the development, progression, and metastasis of many cancers. Tumor-associated macrophages (TAMs) in the tumor microenvironment play an important role in cancer progression. The Hippo signaling pathway regulates cell proliferation and apoptosis, maintains tissue and organ size, and homeostasis of the internal environment of organisms. Abnormal expression of Yes-associated protein (YAP), the Hippo signaling pathway key component, is widely observed in various malignancies. Further, TAM, lncRNA, and YAP are currently valuable targets for cancer immunotherapy. In this review, we have logically summarized recent studies, clarified the close association between the three factors and tumorigenesis, and analyzed the outlook of tumor immunotherapy.
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Introduction

The human genome, which typically encodes both coding and non-coding transcripts, contains a large amount of apparently functional but non-coding DNA that is much larger than coding RNAs and estimated to be at least four times larger than protein-coding sequences (1). Long noncoding RNAs (lncRNAs) are endogenous nonprotein-coding RNAs larger than 200 nt that regulate biological processes such as tumor growth, proliferation, invasion, and metastasis at the epigenetic, transcriptional, or post-transcriptional level (2).

Tumor-associated macrophages (TAMs) in the tumor microenvironment (TME) are a major infiltrating non-cancerous cells and are closely associated with tumor proliferation, metastasis, invasion, and immune escape (3). LncRNAs have a regulatory relationship with TAMs during tumor development, and both have emerged as new therapeutic targets for cancer. TAMs are classified into M1 and M2 phenotypes in different tissue environments (4, 5). As shown in Figure 1, under the proinflammatory and antitumor conditions induced by lipopolysaccharide (LPS) and tumor necrosis factor-α (TNF-α), TAMs differentiate to the M1 phenotype (6); however, with the anti-inflammatory and protumorigenic effects induced by IL-10 and IL-4, TAMs polarize towards the M2 phenotype. Most macrophages exhibit the M1 phenotype early and inhibit tumor growth. In contrast, as tumor progression continues, macrophages gradually converge to the M2 phenotype, promoting tumor development (7). Increasing evidence suggests that the induction of macrophages from an M1 to M2 phenotype might promote cancer initiation and progression by inducing cell proliferation, metastasis, drug resistance, and immune evasion. The regulatory mechanisms of macrophage polarization are not clear, but lncRNA and Yes-associated protein (YAP) proteins play a significant role in the M1/M2 switch. An in-depth study of the mechanisms mediating TAM phenotypic transition will provide a new direction for the treatment of malignancies.




Figure 1 | Polarization of tumor-associated macrophages (TAMs): In the tumor microenvironment, macrophages are usually recruited by CSF1. In response to different signaling stimuli, macrophages polarize into M1 and M2 phenotypes. Factors such as LPS and IFN-γ regulate TAM polarization toward the M1 type. The M1-phenotype macrophages secrete INOS, IL-1β, and TNF-α as proinflammatory stimuli, which promote inflammatory responses and inhibit tumor growth. Factors such as IL-4 and IL-13 regulate TAM polarization toward the M2 type. The M2-phenotype macrophages release TGF-β, Arg-1, and IL-10, which inhibit the inflammatory response and promote tumor formation. Yap protein and lncRNA affect M1/M2 phenotypic transition.



The Hippo pathway is highly conserved and plays an essential role in organ size regulation, tissue homeostasis, and tumorigenesis (8, 9). In mammals, through activation of the MST-LATS kinase cascade, multiple upstream stimulus signals (e.g., mechanical environment, cellular energy levels, G protein-coupled receptor signals, oxidative stress, and hypoxia) can regulate the localization of YAP, which in turn regulates organ size by controlling cell proliferation and apoptosis. Upon activation, MST1/2 kinase is phosphorylated and forms a complex with SAV1 to phosphorylate LATS1/2, which in turn phosphorylates the transcriptional co-activator YAP in Figure 2. This protein is then coupled with 14-3-3 proteins and retained in the cytoplasm or degraded by ubiquitination-dependent proteasomes. Activation of the Hippo pathway inhibits the nuclear YAP import and downregulates the expression of target genes, such as CTGF and CYR61 (10). In contrast, when the Hippo pathway is inhibited, YAP is not phosphorylated and can escape proteasomal degradation and translocate to the nucleus, where it binds to the transcriptional enhanced associated domain (TEAD) family of transcription factors and induces the expression of downstream target genes.




Figure 2 | HIPPO-YAP signaling pathway and its regulation by lncRNA.



LncRNAs regulate the polarization subtypes of TAMs and affect the proliferation, metastasis, and prognosis of tumors. The Hippo-YAP pathway also affects the TAM polarization. YAP can promote tumor cells to release pro-inflammatory factors and recruit TAMs. In cancer, TAM, YAP, and abnormally expressed lncRNAs can act as molecular markers for diagnosis and prognosis, as well as potential targets for tumor therapy. However, at present, there are not many pieces of literature and experimental studies reported that look at these three as a whole in this context. So, we have logically summarized recent studies, clarified the close association between the three factors and tumorigenesis, and analyzed the outlook of tumor immunotherapy.



The Close Association Between LncRNA and Tumor Macrophages


Aberrant Expression of lncRNA in Tumors and TAM

LncRNA is a vital component of cancer immunotherapy (11), regulates gene expression in the form of RNA, participates in cell proliferation, differentiation, tumor angiogenesis, and metastasis, and plays a significant role in the occurrence, development, and metastasis of cancers (12). It is widely believed that lncRNA mediates tumor progression. In non-small cell lung cancer (NSCLC), GNAS-AS1 expression is negatively related to patient overall survival and is significantly enhanced in TAMs from clinical tumor tissues (13). Moreover, prostate cancer-associated transcript 1 (PCAT-1), a newly identified lncRNA, is dysregulated and functions as an oncogene in cancer (14); specifically, high expression of PCAT-1 is correlated with colorectal cancer (CRC) progression (15). As a prostate-specific regulator of cell proliferation, PCAT-1 is a target of the polycomb repressive complex 2 (PRC2) (16). Moreover, in gastric cancer (GC), higher PVT1 expression is significantly associated with greater infiltration depth and advanced TNM stage based on tissues and cell lines, as well as in animal experiments than in normal (17). LncRNA is abnormally regulated in cancer, and in-depth studies on these molecules could help us to better understand and optimize new strategies for tumor treatment.

Macrophages influence tumor metabolism through specific lncRNAs. Researchers found that glycolysis in tumor cells results in the release of lactate, which stimulates the upregulation of hypoxia inducible factor-1α (HIF-1α)-stabilizing long noncoding RNA (HISLA) expression in macrophages, in turn inhibiting the hydroxylation and degradation of HIF-1α by blocking the interaction between PHD2 and HIF-1α, thereby promoting extracellular vesicle (EV) transport and enhancing glycolysis, which results in the production of lactate. Accordingly, this constitutes a feed-forward loop between TAMs and tumor cells. Finally, TAMs facilitate glycolysis and the evasion of apoptosis in breast cancer cells via the lncRNA HISLA (18).



LncRNA Affects Macrophage Recruitment, Polarization, Phenotypic Transition, and Thus, Tumor Immune Escape

LncRNAs can recruit macrophages into tumors to promote metastasis. Studies have generally found that the induction of a macrophage phenotypic switching from M1 to M2 might promote cell proliferation, metastasis, immune evasion, and thus cancer initiation and progression. Table 1 shows data on the regulation of macrophages by relevant lncRNAs. By directly inhibiting the expression of miR-4319, a miRNA that targets the N-terminal EF-hand calcium-binding protein 3 (NECAB3) to suppress its expression, GNAS-AS1 promotes macrophage M2 polarization and NSCLC cell progression (13). In addition, the overexpression of lncRNA ANCR in macrophages decreases the concentration of IL-1β and IL-6, M1-type macrophage polarization marker molecules, and inhibits macrophage M1 polarization (26). In osteosarcoma, the lncRNA RP11-361F15.2 promotes cytoplasmic polyadenylation element-binding protein 4 (CPEB4)-mediated M2-like polarization of TAMs and tumorigenesis by competitively binding to miR-30c-5p (21).


Table 1 | LncRNA affects macrophage recruitment, polarization, phenotypic transition.



However, in some cases, lncRNAs can also inhibit M2 cell polarization and macrophage recruitment. LncRNA cox-2 in HCC alters M1/M2 macrophage polarization by regulating the expression of macrophage polarization-related genes (iNOS, TNF-α, Arg-1, and Fizz1). As shown in Figure 3, lncRNA cox-2 siRNA decreases IL-12 levels and mRNA expression of TNF-α and iNOS in M1 macrophages and increases IL-10 level and mRNA expression of Arg-1 and Fizz-1 in M2 macrophages (27). By promoting M1 macrophage polarization and inhibiting M2 macrophage polarization, lncRNA cox-2 inhibits the HCC cell proliferation, invasion, migration, angiogenesis, and EMT. Furthermore, silencing the lncRNA Xist in M1 macrophages in breast and ovarian cancers stimulates TAM polarization towards the M2 phenotype and thus proliferation and migration. This suggests that augmented Xist expression in M1 macrophages could be targeted in the treatment of breast and ovarian tumors (2). It can be inferred that the recruitment and polarization of macrophages induced by lncRNA is not a one-sided positive or negative trend.




Figure 3 | The function of lncRNA cox-2 in TAM phenotype switching.



As expected, lncRNAs are closely correlated with macrophage polarization and tumor progression. Similarly, these macrophage-associated lncRNAs were also cross-linked to the Hippo-YAP pathway. By recruiting heterogeneous nuclear ribonucleoprotein L to the chemokine CCL2 promoter, lymph node metastasis-associated transcript 1 (LNMAT1) activates the CCL2 upregulation, recruits macrophages to the tumor, and promotes lymphatic metastasis via vascular endothelial growth factor C (VEGF-C) excretion (19). Coincidentally, researchers have demonstrated that YAP occupies the CCL2 gene and promotes CCL2 expression in mouse cardiac fibroblasts (28). CCL2 is related to increased macrophage infiltration and pro-inflammatory cytokine expression, and YAP expression upregulates the fibrosis and inflammation index. Both LNMAT1 and YAP can promote the expression of CCL2 and then act on macrophages, indirectly affecting inflammation and tumors, suggesting that there may be a closer relationship among lncRNA, YAP, and the macrophages.

Moreover, regarding the induction of M2 polarization, downregulation of lncRNA XIST inhibits interleukin-4 (IL-4)-induced M2 polarization and downregulates the expression of M2-specific markers (e.g., IL-10, Arg-1, and CD163) (20). In the blood and tissue samples of Wilms tumor (WT) patients, researchers found that lncRNA XIST upregulation is correlated with miR-194-5p downregulation and YAP upregulation, suggesting that XIST regulates the miR-194-5p/YAP pathway (29). Furthermore, CRC cell-derived exosomes promote the metastasis and proliferation of CRC cells by translocating lncRNA RPPH1 to macrophages to mediate macrophage M2 polarization. In addition, investigators have found that lncRNA RPPH1 interacts with β-III microtubulin (TUBB3) to inhibit its ubiquitination and induce epithelial-mesenchymal transition (EMT) (22). EMT plasticity plays a critical role in connecting lncRNAs to YAP. As a potent transcriptional coactivator, YAP forms a complex with the zinc-dependent EMT transcription factor ZEB1 to activate integrin α3 (ITGA3) transcription through TEAD binding sites (30). The cancer-promoting zinc transporter ZIP4 promotes EMT plasticity through the ZEB1/YAP1-ITGA3 signaling axis. Through EMT, the indirect connection point, we determined the potential link between lncRNAs and YAP.

Linc00662 promotes hepatocellular carcinoma (HCC) progression and M2 macrophage polarization by upregulating WNT3A expression and secretion through competitive endogenous RNA (ceRNA) mechanism (23). By sponging miR-497-5p, LINC00662 regulates YAP1-mediated GC cell proliferation, and the knockdown of LINC00662 suppresses the Hippo-YAP pathway (31). In addition, as MDM2 (mouse double minute 2) induces proteasome-dependent degradation of p53 and activates the NF-κB and STAT3 pathways, lincRNA-p21 knockdown promotes macrophage polarization to a pro-inflammatory M1 phenotype (25). These observations suggest that lncRNAs inhibit macrophage M1 polarization and promote M2 polarization in the TME, reprogramming their specific functional phenotypes to promote cancer progression and metastasis.




Complex Interactions Between YAP and LncRNA

The Hippo pathway is a tumor suppressor signaling pathway that restricts its downstream oncogenic effector YAP, as detailed in Table 2. In 2021, Lin et al. discovered that lncRNA SNHG9 promotes LATS1 liquid-liquid phase separation and inhibits LATS1-mediated YAP phosphorylation, promoting the oncogenic signaling of YAP. SNHG9 deletion inhibits the growth of xenograft breast tumors (33). Studies have identified crosstalk between the ROR1/HER3-LLGL2-MAYA-NSUN6 signaling axis and the Hippo-YAP pathway, with the former methylating the MST1 site to eliminate MST1 kinase activity and activate YAP and its target genes to promote bone metastasis (32). Another study illustrated that LINC01559, lncRNA B4GALT1-AS1, and lncRNA USP2-AS1, a Yes-associated protein 1 (YAP1)-binding lncRNA, can interact with YAP proteins, hinder YAP phosphorylation, recruit YAP to the nucleus, and trigger the expression of downstream target genes to accelerate tumor progression (35–37). Interestingly, in OS stem cells, B4GALT1-AS1 recruits HuR to enhance the stability of YAP mRNA and its transcriptional activity, thereby promoting OS cell stemness and migration (38). In addition, lncRNA can upregulate YAP levels in other ways. 


Table 2 | Regulation of HIPPO-YAP pathway by lncRNA.



However, lncRNA can also inhibit tumor cell viability and growth through YAP inactivation. The miRNA–host gene lncRNA (lnc–miRHG) association produces miRNAs and regulates cancer progression. MiR-497 and miR-195, derived from MIR497HG, synergistically inhibit Hippo/Yap and transform growth factor β (TGF-β) signaling, thereby attenuating the interaction between YAP and Smad3 (44). CUL4A is a scaffolding protein of the ubiquitin-proteasome system and a ubiquitin E3 ligase that mediates LATS1 ubiquitination (53). A novel lncRNA, uc.134, inhibits HCC progression by suppressing CUL4A expression and increasing YAPS127 phosphorylation (46). Furthermore, talazoparib, a novel and potent poly(ADP-ribose)polymerase-1/2 (PARP1/2) inhibitor, induces the lncRNA PLK4, which inhibits the viability and growth of HCC cells through YAP inactivation and cellular senescence, thus acting as an oncogene suppressor (54). To summarize, lncRNAs can positively or negatively regulate YAP levels and directly or indirectly affect tumor progression.

Not only can lncRNAs affect YAP expression levels, but YAP can also interfere with the Hippo-YAP pathway to indirectly act on tumors; and the two can even interact with each other. The multiple repeat sequences of the lncRNA NORAD bind to and segregate S100P, and the S100P decoy function inhibits the migration, invasion, and metastasis in lung and breast cancers. Transduction of the Hippo pathway YAP/TAZ-TEAD complex transcriptionally represses the NORAD expression, together with the action of the NuRD complex (47). Furthermore, researchers have found that the YAP/TEAD1 complex and lncRNA both influence each other to form a feed-forward circuit. As a ceRNA of miR-484, THAP9-AS1 attenuates the inhibitory effect of miR-484 on YAP, leading to the YAP upregulation. Moreover, THAP9-AS1 binds to YAP protein and inhibits LATS1 phosphorylation. Notably, the YAP/TEAD1 complex promotes THAP9-AS1 transcription, forming a feed-forward circuit (55). The regulatory relationship between lncRNAs and the Hippo-YAP pathway is complex and variable, and there is still much scope for research and exploration. Further, a better understanding of the mechanisms underlying their roles in tumors is of strategic importance for future immune-targeted therapies.

As mentioned above, some lncRNAs can affect the HIPPO-YAP pathway, and lncRNAs and YAP interact with each other. However, these alone are not sufficient to help us understand the relationship between the two. We were surprised to find that some lncRNAs regulating the HIPPO-YAP pathway could be directly or indirectly linked to macrophages. The Hippo pathway YAP/TAZ-TEAD complex transcriptionally represses lncRNA NORAD expression. NORAD could serve as a diagnostic marker for neonatal sepsis (NS) patients. NORAD knockdown reversed the overexpression of IL-6, IL-8, and TNF-α pro-inflammatory cytokines in macrophages under LPS conditions (48). The lncRNA GAS5 interacts directly with the WW structural domain of YAP, facilitating YAP phosphorylation and subsequent ubiquitination-mediated degradation, thereby inhibiting CRC progression (45). lncRNA knockdown was performed in M2 macrophages, and the effect on polarization was assessed by surface marker analysis. Knockdown of GAS5 results in the downregulation of M2 surface markers (CD163 and CD206) and a concomitant increase in M1 markers (MHC II or CD23), which highlights the instrumental role of lncRNA GAS5-mediated regulation of macrophage differentiation and polarization (50). Similarly, in cells isolated from diabetic (Db) wounds, lncRNA GAS5 is dysregulated, and GAS5 loss-of-function may be partly responsible for the persistence of M1 macrophages and enhancement of Db wound healing (51).

In addition to participating in the regulation of the Hippo-YAP pathway, these lncRNAs are directly related to the M1/M2 polarization of macrophages. However, some lncRNAs are indirectly associated with macrophages. The lncRNA HOTTIP (human homeobox A transcript) in osteosarcoma (OS) catalyzes LATS2 promoter methylation, inhibits LATS2 expression, activates YAP, initiates downstream target gene expression, and maintains OS cell viability, proliferation, migration, and invasion (34). Meanwhile, researchers found that lncRNA HOTTIP can decoy miR-27a-3p to promote G protein subunit gamma 12 (GNG12)-mediated metastasis in osteosarcoma. GNG12 suppresses adaptive immunity to influence the tumor microenvironment by inhibiting M1 and M2 macrophage infiltration (49). Similarly, in triple-negative breast cancer (TNBC), hypoxia induces lncRNA GHET1, and lncRNA GHET1 knockdown reduces HIF-1α phosphorylation under hypoxic conditions, retaining YAP in the cytoplasm. LncRNA GHET1 overexpression promotes nuclear translocation of YAP and TNBC progression (43). In adipose-derived mesenchymal stem cells (ASCs), researchers demonstrated that ASCs-derived interleukin 10 (IL-10), mediated by HIF-1α, plays a crucial role in enhancing macrophage recruitment and inducing macrophages toward the M2 phenotype (52). Table 3 shows more systematic information.


Table 3 | Direct or indirect crosstalk among YAP, LncRNA, and TAM.





The Close Relationship Between YAP and Macrophages


YAP Stimulates Macrophage Production of Proinflammatory Cytokine Factors and Inflammatory Responses

Various studies have demonstrated that YAP regulates the inflammatory response of macrophages through various pathways. Regarding the mechanism through which the Hippo-YAP pathway regulates macrophage behavior, it was found that the overexpression of YAP exacerbated the titanium ion-induced NF-κB pathway-mediated inflammatory response. Titanium ions induce YAP expression and activate the NF-κB pathway to upregulate proinflammatory cytokine expression in macrophages (56). By inducing the interaction between YAP and NF-κB subunit p65, LPS stimulates NF-κB activation and TNFα production in macrophages, but this process is dependent on YAP activation and nuclear translocation (57). Lactate significantly inhibited macrophage NF-κB and YAP activation and nuclear translocation owing to YAP inactivation, which is mediated by GPR81-dependent AMKP and LATS activation-mediated YAP phosphorylation. Lactate reduces the interaction between YAP and NF-κB, thereby inhibiting the production of TNF-α and IL-6. Lactate inhibits YAP and NF-κB activation via GPR81-mediated signaling and suppresses the inflammatory response of macrophages following LPS stimulation. In addition, activator protein 1 in macrophages/Kupffer cells (KCs) promotes the LPS transcriptional activation of YAP. This further enhances the expression of proinflammatory cytokines, including monocyte chemotactic protein 1, tumor necrosis factor α, and interleukin 6, through binding to the TEA domain in the promoter regions of genes encoding inflammatory factors. YAP in KCs enhances the production of proinflammatory factors and causes nonalcoholic steatohepatitis (58). YAP/TAZ was found to increase IL-6 expression to promote the proinflammatory response and interact with the NCoR1 inhibitor complex to decrease arginase-i (Arg1) expression and inhibit the reparative response (59). The initial proinflammatory response, followed by an anti-inflammatory response, is critical for reducing myocardial infarction injury and promoting healing and scar formation. YAP/TAZ deficiency impairs the early inflammatory response and promotes the timely polarization of macrophages from the proinflammatory to reactive phenotype. Furthermore, the cellular adhesion microenvironment regulates the macrophage inflammatory response through YAP. Soft matrix reduces the expression of inflammatory cytokines and YAP in macrophages (60). The identification of YAP as a key molecule in the control of macrophage inflammation has broad implications for the regulation of macrophages in health and disease.



YAP Activation Is the Basis for Macrophage Recruitment

Factors, such as colony-stimulating factor 1 (CSF1) and CCL2, secreted by the TME recruit macrophages to the tumor, and activation of the effector YAP in the Hippo pathway underlies the recruitment of macrophages by tumor-initiating cells (TICs). It has been demonstrated that TICs recruit M2 macrophages at the monocytic stage and that the YAP-TEAD transcriptional complex directly or indirectly activates the transcription of growth factor CSF1 and chemokine CCL2, respectively, thereby promoting TIC survival and tumorigenesis (61). When studying mouse hepatocytes, it was found that gene deletion of Mst1/Mst2 upregulated monocyte chemoattractant protein-1 (Mcp-1) expression, mixed M1 and M2 phenotypic of macrophage infiltration, and promoted HCC development. Removal of YAP eliminates abnormal Mcp-1 expression and restores normal liver growth in mice (62). This study identified MCP1 as a direct transcriptional target of YAP. Moreover, Hippo signaling in hepatocytes inhibits Yap-dependent Mcp-1 expression, which in turn inhibits macrophage infiltration and thus maintains normal liver growth. Similarly, elevated YAP levels have been shown to exacerbate macrophage infiltration and MCP-1 expression in other studies such as with liver injury (63), acute kidney injury-chronic kidney disease (AKI-CKD) transition (64), and atherosclerosis (65). These studies highlight the critical clinical significance of Hippo signaling in suppressing the inflammatory and TME. Hippo signaling inactivation and YAP activation induce MCP-1-mediated macrophage infiltration and tumor development, suggesting that more effective therapeutic interventions could be employed in the future to refine targeted therapies.



YAP Activation and M1/M2 Macrophage Polarization

High YAP expression in tumors can result in macrophage polarization to an M2-like phenotype. TNBC cells upregulate YAP expression in macrophages, which induces macrophage polarization to an M2-like phenotype (66). In addition, augmented YAP activation in M2 macrophages promotes TNBC metastasis via the MCP-1/CCR2 pathway. Nogo-B, an endoplasmic reticulum-resident protein, also known as reticulon 4 B, promotes HCC progression by enhancing Yap-mediated TAM M2 polarization, a process that is blocked by the YAP inhibitor verteporfin (67). A similar phenomenon has been observed in renal fibrosis. The Wnt5a signaling protein enhances TGFβ1-induced macrophage M2 polarization and YAP transcriptional co-activator expression (68). Verteporfin also blocks TGFβ1- and Wnt5a-induced macrophage M2 polarization. In aortic dissection, angiotensin type 1 receptor (AT1R) binding to Ang II induces YAP phosphorylation and further promotes macrophage polarization toward an M1 phenotype with endothelial cell adhesion (69). In addition, researchers found that YAP1 overexpression indirectly enhances drug resistance in tumor cells. YAP overexpression in GC cells induces M2 polarization in macrophages, which secrete CCL8 and activate phosphorylation of the JAK1/STAT3 signaling pathway components, thereby enhancing 5-FU resistance in tumor cells (70). Therefore, targeting YAP to overcome chemoresistance and tumor immunotherapy is a potential approach in the future.

However, the induction of macrophage polarization by YAP was not the only possibility for M2 macrophages. Mechanical ventilation causes lung injury and inflammation and upregulates YAP expression in lung macrophages. YAP deficiency in macrophages attenuates lung injury and reduces the production of proinflammatory cytokines, such as IL-1β and TNF-α. YAP deficiency enhances M2 polarization while inhibiting M1 polarization (71). The M2 macrophage-derived exosome miR-590-3p targets LATS1 and subsequently activates YAP/β-catenin transcription in mouse colonic epithelial cells to reduce inflammation and promote epithelial regeneration, attenuate DSS-induced mucosal damage, and promote epithelial repair (72). Interestingly, however, another study found that YAP in macrophages exacerbates inflammatory bowel disease (IBD); however, YAP promotes epithelial cell regeneration, which enhances IBD recovery (73). M1 macrophages and proinflammatory cytokines exacerbate IBD symptoms, whereas M2 macrophages promote tissue repair, attenuate inflammation, and alleviate IBD. YAP blocks IL-4/IL-13-induced M2 polarization, while promoting LPS/IFN-γ-triggered M1 macrophage activation. In summary, we found different scenarios in which YAP inhibits M1 or M2 macrophage polarization. Therefore, we should consider the possibility that targeting YAP to inhibit tumor growth might promote tumor growth by activating TAMs. In other words, this factor exerts different effects in various cell types, like increasing tumor proliferation and metastasis, regulating M2/M1 macrophage polarization, promoting epithelial regeneration, and producing inflammatory responses, among others. Therefore, therapeutic approaches targeting YAP should consider the appropriate cell type.

YAP affects macrophage recruitment, polarization, and production of pro-inflammatory factors. However, it is currently unknown whether lncRNAs are involved in the mechanism of macrophage polarization via the Hippo pathway. Researchers are more likely to look at the effects of each of the three on tumors independently or at the interconnections between the two. In this study, the three are seldom combined as a whole to carry out in-depth analysis and experiments. Studies in this direction are insufficient, and more attention should be paid to the future. In the occurrence and development of tumors, it is of great significance to study the independent effects and interaction mechanisms of lncRNA, YAP, and TAM, three important therapeutic targets, to understand the initiation, metastasis, treatment, and prognosis of cancer. Only in this way can we better advance and expand cancer therapies based on the three conventional and non-conventional therapies.




Discussion

As potential targets in recent years, lncRNAs, YAP, and TAMs have been associated with tumor development, proliferation, and metastasis. It was found that lncRNA, as a potential target, can affect tumor immunity. LncRNA GAS5 expression is decreased in NK cells from HCC patients, and the downregulation of GAS5 expression inhibits the cytotoxicity of NK cells. Overexpression of GAS5 increases the secretion of interferon-c (IFN-c) and enhances the cytotoxicity of NK cells (74). Moreover, indoleamine 2,3-dioxygenase (IDO) induces the differentiation and maturation of T regulatory cells (Tregs) to suppress T-cell immunity. Interfering with lncRNA SNHG1 promotes the elevation of miR-448 levels, decreases IDO levels, and thus inhibits the differentiation of Treg cells and attenuates immune escape in breast cancer (75). However, lncRNAs also promote immunosuppression and interfere with the clearance of tumors by the immune system. LncRNA epidermal growth factor receptor (EGFR) stimulates Treg differentiation, inhibits cytotoxic T lymphocyte (CTL) activity, and promotes HCC growth through EGFR (76). LncRNA NKILA inhibits NF-κB activity, allowing the immune-mediated clearance of activated T lymphocytes to promote tumor immune evasion. Meanwhile, investigators demonstrated that targeting lncRNA in T cells from secondary metastasis tumors is feasible, greatly regulating lncRNA expression (77). In addition, the expression of target-lncRNAs in metastatic cells can be modified by using gene modification techniques, such as CRISPR-Cas9 or small interfering RNA (77).

For macrophages, however, the antitumor activity in malignant cancers has the potential to act as a therapeutic target. A cluster of differentiation 47 (CD47) is widely overexpressed in various malignancies and might be a predictor of poor prognosis and tumor metastasis (78). CD47 inhibits macrophage phagocytosis in ovarian cancer cells, and its downregulation or inhibition enhances the antitumor effect of macrophages (79). Similarly, in malignant melanoma, activation of killer macrophages, either through the in vitro activation of macrophages via transmigration or in vivo activation of macrophages, in combination with other treatments, such as surgery, chemotherapy, and radiotherapy, might provide an effective and comprehensive strategy for targeting the aggressive metastatic capacity and therapy resistance of melanomas (80). However, another therapeutic strategy is to target TAMs in the TME. CSF-1 allows macrophages to differentiate and survive. Researchers used CSF-1 receptor (CSF-1R) inhibitors to target TAMs in a mouse GBM model, which significantly improved mouse survival and tumor regression (81). Unfortunately, targeted TAM treatment strategies are not as effective. To date, immune interventions for GBM patients have not been successful because of the presence of a TME that promotes tumor growth and immune escape. Recently, researchers have developed novel platforms for evaluating genetically engineered macrophages (GEMs) (82). GEMs resist reprogramming mediated by tumor secretory factor signaling, override the immunosuppressive effects of the TME, and support existing or new immunotherapies.

The effectiveness of immunotherapeutic strategies against TAMs is limited (83); therefore, considering the significant role of the Hippo-YAP pathway in TAMs, investigators have identified YAP as a potential target for tumor-targeted therapy. Recent studies have shown a binary classification of cancers into YAP-on and YAP-off based on the presence or absence of functioning YAP proteins. These two cancer states switch to each other, leading to the development of drug resistance. Yap-off/Yap-on exhibits a unique vulnerability that facilitates the choice of treatment options. Thus, the development of tumor cell resistance can be inhibited by blocking this YAP state transition, which provides a new therapeutic strategy for tumor types with strong aggressive properties (84). In addition, YAP1 inhibition can suppress the recruitment of myeloid-derived suppressor cells (MDSCs), activate effector T-cell activity, and enhance sensitivity to immune-oncologic agents (IO) drugs, thereby modulating immunosuppression of the TME. YAP1 inhibition in combination with anticancer drug therapy might be a promising therapeutic strategy (85). In addition, many investigators have gradually discovered the therapeutic value of single-target therapies in combination with immunotherapy. A recent study showed that focal adhesion kinase (FAK), a potential therapeutic target upregulated in tumors of intrahepatic cholangiocarcinoma (iCCA), promotes tumorigenesis in mice by inducing YAP (86). The oncogenic potential of FAK was investigated in conditional FAK-knockout mice and inducible Cre mice, and the potential to target FAK for iCCA was studied based on in vitro and in vivo drug treatments. Activation of the CDK4/6 pathway in mouse and human iCCA suggests that combined targeting with anti-CDK4/6 inhibitors could be an effective treatment strategy. Notably, the HIPPO/YAP pathway is severely dysregulated in alcoholic hepatitis (AH), with uncontrolled activation of YAP leading to hepatocyte transdifferentiation to the biliary phenotype and the loss of hepatocyte identity with impaired regeneration (87). Using animal models, experimental cells, and human samples of AH and alcoholic cirrhosis, investigators conjunctively found that the reversal of hepatocyte defects mediated by YAP inhibition appears to be a therapeutic strategy for AH regenerative treatment. This is in contrast to the effects of YAP, which has been shown to promote early hepatocyte cycle progression. This suggests that the effects of transient and sustained YAP activation could be quite different, and for tumors, researchers also need to be aware of the possible different effects of the differential timings of YAP activation.

In addition, researchers are increasingly aware that the tumor immune microenvironment is multi-layered and complex, and we should not target cancer in isolation but consider it as part of the TME ecosystem. Although research on the complex composition and activity of the TME is relatively superficial, the TME is more heterogeneous across species or stages of progression, and disrupts the tumor ecosystem could be achieved by targeting multiple heterogeneous cell populations in the tumor and microenvironment (88). In summary, there are several possible directions for future immunotherapeutic strategies for tumors as follows: one is to improve the body’s immune capacity, promote immune activation, such as with macrophages and NK cells to kill tumors, and influence the immune status of the TME; second, to combine multiple targets, such as through the use of traditional radiotherapy modalities and immunotherapy, or multiple different immunotherapies acting in combination, and the detection of various novel markers to identify potentially effective drug targets, such as lncRNA and YAP, which are closely related to tumors. Likewise, this requires a deeper understanding of the TME and its internal components with respect to the mechanisms of tumorigenesis and immunotherapy.

However, there are few studies on whether lncRNAs affect macrophages by regulating the Hippo-YAP pathway, or whether lncRNAs are involved in the mechanism of macrophage polarization via the Hippo-YAP pathway. More studies have focused on the mechanism by which YAP regulates macrophage polarization or lncRNAs regulating macrophage polarization or phenotypic transformation to promote tumor proliferation and metastasis. Perhaps in the research direction of studying lncRNA, TAM, and YAP, researchers can try to broaden their thinking and connect the three to build a network instead of being limited to the most common and classic research approaches. More in-depth and specific studies are needed to determine whether the relationship among the three is in the linear lncRNA-YAP-TAM axis, the interconnected loop, or a more complex network relationship. Revealing the key role of lncRNA, YAP, and TAM linkages in tumorigenesis and development can provide different ideas for tumor treatment, expand the targets of traditional therapy and immunotherapy, improve the prognosis of clinical patients, and reduce mortality, which has extremely important practical significance. Moreover, given that tumorigenesis and development is a dynamic process, the metabolic patterns of cells vary greatly in the early and late stages. At an early stage, glycogen accumulation and phase separation in liver tumors can activate YAP to drive liver tumor initiation. However, in advanced stages, YAP can be activated by a different mechanism, high levels of glucose, to promote tumor development (89). It is worth considering whether lncRNAs and TAMs are involved in such completely different YAP activation mechanisms in the early and late stages. Considering the previously identified tumor mechanisms in a new way in the context of YAP, TAM, and lncRNA, crosstalk may lead to new and meaningful findings.



Conclusion

In summary, lncRNAs, YAP, and TAMs are closely related, and all three are associated with tumor development, proliferation, and metastasis. They have also become potential targets for tumor-targeted therapy in recent years. In the future, we should gain a deeper understanding of the mutual regulation of lncRNA, YAP, and TAMs in the TME and systematically investigate their synergistic tumorigenic mechanism. This has key implications for the combination of antitumor and multi-target immunotherapeutic agents. It would also be worthwhile to investigate how to override the immunosuppressive effects of the TME and avoid the adaptive drug resistance caused by increased YAP expression and M2 macrophages, thus significantly improving the prognosis and survival of cancer patients. Therefore, an in-depth study of the response mechanisms of lncRNA, YAP, and TAMs in the unique ecosystem of the TME could help to address the phenomenon of suboptimal therapeutics in tumor immunotherapy and provide a basis for the discovery of new therapeutic targets.



Author Contributions

JX, X-YLiu, and QZ reviewed literature and originally drafted the manuscript. HL, PZ, Z-BT, and C-PZ contributed to edit and embellished the manuscript. JX approved the final version of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The study was supported by the National Natural Science Foundation (No. 81802777), the “Clinical medicine + X” scientific research project of Affiliated Hospital of Qingdao University, and Qingdao Chinese Medicine Technology Project (2021-zyym26).



Acknowledgments

We thank all the authors for their help in writing and publishing this review.



References

1. Ponting, CP, and Belgard, TG. Transcribed Dark Matter: Meaning or Myth? Hum Mol Genet (2010) 19(R2):R162–8. doi: 10.1093/hmg/ddq362

2. Zhao, Y, Yu, Z, Ma, R, Zhang, Y, Zhao, L, Yan, Y, et al. lncRNA-Xist/miR-101-3p/KLF6/C/Ebpα Axis Promotes TAM Polarization to Regulate Cancer Cell Proliferation and Migration. Mol Ther Nucleic Acids (2021) 23:536–51. doi: 10.1016/j.omtn.2020.12.005

3. Alahari, SV, Dong, S, and Alahari, SK. Are Macrophages in Tumors Good Targets for Novel Therapeutic Approaches? Mol Cells (2015) 38(2):95–104. doi: 10.14348/molcells.2015.2298

4. Yang, M, Liu, J, Shao, J, Qin, Y, Ji, Q, Zhang, X, et al. Cathepsin S-Mediated Autophagic Flux in Tumor-Associated Macrophages Accelerate Tumor Development by Promoting M2 Polarization. Mol Cancer (2014) 13:43. doi: 10.1186/1476-4598-13-43

5. Cheng, Y, Zhu, Y, Xu, J, Yang, M, Chen, P, Xu, W, et al. PKN2 in Colon Cancer Cells Inhibits M2 Phenotype Polarization of Tumor-Associated Macrophages via Regulating DUSP6-Erk1/2 Pathway. Mol Cancer (2018) 17(1):13. doi: 10.1186/s12943-017-0747-z

6. Biswas, SK, and Mantovani, A. Macrophage Plasticity and Interaction With Lymphocyte Subsets: Cancer as a Paradigm. Nat Immunol (2010) 11(10):889–96. doi: 10.1038/ni.1937

7. Qian, BZ, and Pollard, JW. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell (2010) 141(1):39–51. doi: 10.1016/j.cell.2010.03.014

8. Pan, D. The Hippo Signaling Pathway in Development and Cancer. Dev Cell (2010) 19(4):491–505. doi: 10.1016/j.devcel.2010.09.011

9. Zhao, B, Lei, QY, and Guan, KL. The Hippo-YAP Pathway: New Connections Between Regulation of Organ Size and Cancer. Curr Opin Cell Biol (2008) 20(6):638–46. doi: 10.1016/j.ceb.2008.10.001

10. Zhao, B, Wei, X, Li, W, Udan, RS, Yang, Q, Kim, J, et al. Inactivation of YAP Oncoprotein by the Hippo Pathway is Involved in Cell Contact Inhibition and Tissue Growth Control. Genes Dev (2007) 21(21):2747–61. doi: 10.1101/gad.1602907

11. Yu, WD, Wang, H, He, QF, Xu, Y, and Wang, XC. Long Noncoding RNAs in Cancer-Immunity Cycle. J Cell Physiol (2018) 233(9):6518–23. doi: 10.1002/jcp.26568

12. Yu, H, and Rong, L. Emerging Role of Long non-Coding RNA in the Development of Gastric Cancer. World J Gastrointestinal Oncol (2018) 10(9):260–70. doi: 10.4251/wjgo.v10.i9.260

13. Li, Z, Feng, C, Guo, J, Hu, X, and Xie, D. GNAS-AS1/miR-4319/NECAB3 Axis Promotes Migration and Invasion of non-Small Cell Lung Cancer Cells by Altering Macrophage Polarization. Funct Integr Genomics (2020) 20(1):17–28. doi: 10.1007/s10142-019-00696-x

14. Yang, Z, Zhao, S, Zhou, X, Zhao, H, and Jiang, X. PCAT-1: A Pivotal Oncogenic Long non-Coding RNA in Human Cancers. BioMed Pharmacother (2019) 110:493–9. doi: 10.1016/j.biopha.2018.12.014

15. Ge, X, Chen, Y, Liao, X, Liu, D, Li, F, Ruan, H, et al. Overexpression of Long Noncoding RNA PCAT-1 is a Novel Biomarker of Poor Prognosis in Patients With Colorectal Cancer. Med Oncol (Northwood London England) (2013) 30(2):588. doi: 10.1007/s12032-013-0588-6

16. Prensner, JR, Iyer, MK, Balbin, OA, Dhanasekaran, SM, Cao, Q, Brenner, JC, et al. Transcriptome Sequencing Across a Prostate Cancer Cohort Identifies PCAT-1, an Unannotated lincRNA Implicated in Disease Progression. Nat Biotechnol (2011) 29(8):742–9. doi: 10.1038/nbt.1914

17. Kong, R, Zhang, E-b, Yin, D-d, You, L-h, Xu, T-p, Chen, W-m, et al. Long Noncoding RNA PVT1 Indicates a Poor Prognosis of Gastric Cancer and Promotes Cell Proliferation Through Epigenetically Regulating P15 and P16. Mol Cancer (2015) 14:82. doi: 10.1186/s12943-015-0355-8

18. Chen, F, Chen, J, Yang, L, Liu, J, Zhang, X, Zhang, Y, et al. Extracellular Vesicle-Packaged HIF-1α-Stabilizing lncRNA From Tumour-Associated Macrophages Regulates Aerobic Glycolysis of Breast Cancer Cells. Nat Cell Biol (2019) 21(4):498–510. doi: 10.1038/s41556-019-0299-0

19. Chen, C, He, W, Huang, J, Wang, B, Li, H, Cai, Q, et al. LNMAT1 Promotes Lymphatic Metastasis of Bladder Cancer via CCL2 Dependent Macrophage Recruitment. Nat Commun (2018) 9(1):3826. doi: 10.1038/s41467-018-06152-x

20. Sun, Y, and Xu, J. TCF-4 Regulated lncRNA-XIST Promotes M2 Polarization Of Macrophages And Is Associated With Lung Cancer. OncoTargets Ther (2019) 12:8055–62. doi: 10.2147/OTT.S210952

21. Yang, D, Liu, K, Fan, L, Liang, W, Xu, T, Jiang, W, et al. LncRNA RP11-361F15.2 Promotes Osteosarcoma Tumorigenesis by Inhibiting M2-Like Polarization of Tumor-Associated Macrophages of CPEB4. Cancer Lett (2020) 473:33–49. doi: 10.1016/j.canlet.2019.12.041

22. Liang, Z-X, Liu, H-S, Wang, F-W, Xiong, L, Zhou, C, Hu, T, et al. LncRNA RPPH1 Promotes Colorectal Cancer Metastasis by Interacting With TUBB3 and by Promoting Exosomes-Mediated Macrophage M2 Polarization. Cell Death Dis (2019) 10(11):829. doi: 10.1038/s41419-019-2077-0

23. Tian, X, Wu, Y, Yang, Y, Wang, J, Niu, M, Gao, S, et al. Long Noncoding RNA LINC00662 Promotes M2 Macrophage Polarization and Hepatocellular Carcinoma Progression via Activating Wnt/β-Catenin Signaling. Mol Oncol (2020) 14(2):462–83. doi: 10.1002/1878-0261.12606

24. Zhang, Y, Feng, J, Fu, H, Liu, C, Yu, Z, Sun, Y, et al. Coagulation Factor X Regulated by CASC2c Recruited Macrophages and Induced M2 Polarization in Glioblastoma Multiforme. Front Immunol (2018) 9:1557. doi: 10.3389/fimmu.2018.01557

25. Zhou, L, Tian, Y, Guo, F, Yu, B, Li, J, Xu, H, et al. LincRNA-P21 Knockdown Reversed Tumor-Associated Macrophages Function by Promoting MDM2 to Antagonize* P53 Activation and Alleviate Breast Cancer Development. Cancer Immunol Immunother: CII (2020) 69(5):835–46. doi: 10.1007/s00262-020-02511-0

26. Xie, C, Guo, Y, and Lou, S. LncRNA ANCR Promotes Invasion and Migration of Gastric Cancer by Regulating FoxO1 Expression to Inhibit Macrophage M1 Polarization. Dig Dis Sci (2020) 65(10):2863–72. doi: 10.1007/s10620-019-06019-1

27. Ye, Y, Xu, Y, Lai, Y, He, W, Li, Y, Wang, R, et al. Long non-Coding RNA Cox-2 Prevents Immune Evasion and Metastasis of Hepatocellular Carcinoma by Altering M1/M2 Macrophage Polarization. J Cell Biochem (2018) 119(3):2951–63. doi: 10.1002/jcb.26509

28. Francisco, J, Zhang, Y, Nakada, Y, Jeong, JI, Huang, C-Y, Ivessa, A, et al. AAV-Mediated YAP Expression in Cardiac Fibroblasts Promotes Inflammation and Increases Fibrosis. Sci Rep (2021) 11:10553. doi: 10.1038/s41598-021-89989-5

29. He, X, Luo, X, Dong, J, Deng, X, Liu, F, and Wei, G. Long Non-Coding RNA XIST Promotes Wilms Tumor Progression Through the miR-194-5p/YAP Axis. Cancer Manag Res (2021) 13:3171–80. doi: 10.2147/CMAR.S297842

30. Liu, M, Zhang, Y, Yang, J, Zhan, H, Zhou, Z, Jiang, Y, et al. Zinc-Dependent Regulation of ZEB1 and YAP1 Coactivation Promotes Epithelial-Mesenchymal Transition Plasticity and Metastasis in Pancreatic Cancer. Gastroenterology (2021) 160:1771–1783.e1. doi: 10.1053/j.gastro.2020.12.077

31. Liu, Z, Yao, Y, Huang, S, Li, L, Jiang, B, Guo, H, et al. Xiong J, Deng J. LINC00662 Promotes Gastric Cancer Cell Growth by Modulating the Hippo-YAP1 Pathway. Biochem Biophys Res Commun (2018) 505:843–9. doi: 10.1016/j.bbrc.2018.09.191

32. Li, C, Wang, S, Xing, Z, Lin, A, Liang, K, Song, J, et al. A ROR1-HER3-lncRNA Signalling Axis Modulates the Hippo-YAP Pathway to Regulate Bone Metastasis. Nat Cell Biol (2017) 19(2):106–19. doi: 10.1038/ncb3464

33. Li, R-H, Tian, T, Ge, Q-W, He, X-Y, Shi, C-Y, Li, J-H, et al. A Phosphatidic Acid-Binding lncRNA SNHG9 Facilitates LATS1 Liquid-Liquid Phase Separation to Promote Oncogenic YAP Signaling. Cell Res (2021) 33(10):1088–105. doi: 10.1038/s41422-021-00530-9

34. Liu, K, Ni, J-D, Li, W-Z, Pan, B-Q, Yang, Y-T, Xia, Q, et al. The Sp1/FOXC1/HOTTIP/LATS2/YAP/β-Catenin Cascade Promotes Malignant and Metastatic Progression of Osteosarcoma. Mol Oncol (2020) 14(10):2678–95. doi: 10.1002/1878-0261.12760

35. Lou, C, Zhao, J, Gu, Y, Li, Q, Tang, S, Wu, Y, et al. LINC01559 Accelerates Pancreatic Cancer Cell Proliferation and Migration Through YAP-Mediated Pathway. J Cell Physiol (2020) 235(4):3928–38. doi: 10.1002/jcp.29288

36. Li, D, Bao, J, Yao, J, and Li, J. lncRNA USP2-AS1 Promotes Colon Cancer Progression by Modulating Hippo/YAP1 Signaling. Am J Trans Res (2020) 12(9):5670–82.

37. Zhang, Y, Fang, Z, Guo, X, Dong, H, Zhou, K, Huang, Z, et al. lncRNA B4GALT1-AS1 Promotes Colon Cancer Cell Stemness and Migration by Recruiting YAP to the Nucleus and Enhancing YAP Transcriptional Activity. J Cell Physiol (2019) 234(10):18524–34. doi: 10.1002/jcp.28489

38. Li, Z, Wang, Y, Hu, R, Xu, R, and Xu, W. LncRNA B4GALT1-AS1 Recruits HuR to Promote Osteosarcoma Cells Stemness and Migration via Enhancing YAP Transcriptional Activity. Cell Prolif (2018) 51(6):e12504. doi: 10.1111/cpr.12504

39. Wang, C-Z, Yan, G-X, Dong, D-S, Xin, H, and Liu, Z-Y. LncRNA-ATB Promotes Autophagy by Activating Yes-Associated Protein and Inducing Autophagy-Related Protein 5 Expression in Hepatocellular Carcinoma. World J Gastroenterol (2019) 25(35):5310–22. doi: 10.3748/wjg.v25.i35.5310

40. Jin, D, Guo, J, Wu, Y, Du, J, Yang, L, Wang, X, et al. M6a mRNA Methylation Initiated by METTL3 Directly Promotes YAP Translation and Increases YAP Activity by Regulating the MALAT1-miR-1914-3p-YAP Axis to Induce NSCLC Drug Resistance and Metastasis. J Hematol Oncol (2019) 12(1):135. doi: 10.1186/s13045-019-0830-6

41. Liu, MJ, Xu, ML, and Zhan, DX. LncRNA MALAT1 Regulates Diabetic Cardiac Fibroblasts Through the Hippo/YAP Signaling Pathway. Biochem Cell Biol (2020) 98(5):537–47. doi: 10.1139/bcb-2019-0434

42. Yang, H, Wang, G, Liu, J, Lin, M, Chen, J, Fang, Y, et al. LncRNA JPX Regulates Proliferation and Apoptosis of Nucleus Pulposus Cells by Targeting the miR-18a-5p/HIF-1α/Hippo-YAP Pathway. Biochem Biophys Res Commun (2021) 566:16–23. doi: 10.1016/j.bbrc.2021.05.075

43. Wang, Y, and Liu, S. LncRNA GHET1 Promotes Hypoxia-Induced Glycolysis, Proliferation, and Invasion in Triple-Negative Breast Cancer Through the Hippo/YAP Signaling Pathway. Front Cell Dev Biol (2021) 9:643515. doi: 10.3389/fcell.2021.643515

44. Zhuang, C, Liu, Y, Fu, S, Yuan, C, Luo, J, Huang, X, et al. Silencing of lncRNA MIR497HG via CRISPR/Cas13d Induces Bladder Cancer Progression Through Promoting the Crosstalk Between Hippo/Yap and TGF-β/Smad Signaling. Front Mol Biosci (2020) 7:616768. doi: 10.3389/fmolb.2020.616768

45. Ni, W, Yao, S, Zhou, Y, Liu, Y, Huang, P, Zhou, A, et al. Long Noncoding RNA GAS5 Inhibits Progression of Colorectal Cancer by Interacting With and Triggering YAP Phosphorylation and Degradation and is Negatively Regulated by the M6a Reader YTHDF3. Mol Cancer (2019) 18(1):143. doi: 10.1186/s12943-019-1079-y

46. Ni, W, Zhang, Y, Zhan, Z, Ye, F, Liang, Y, Huang, J, et al. A Novel lncRNA Uc.134 Represses Hepatocellular Carcinoma Progression by Inhibiting CUL4A-Mediated Ubiquitination of LATS1. J Hematol Oncol (2017) 10(1):91. doi: 10.1186/s13045-017-0449-4

47. Tan, B-S, Yang, M-C, Singh, S, Chou, Y-C, Chen, H-Y, Wang, M-Y, et al. LncRNA NORAD is Repressed by the YAP Pathway and Suppresses Lung and Breast Cancer Metastasis by Sequestering S100P. Oncogene (2019) 38(28):5612–26. doi: 10.1038/s41388-019-0812-8

48. Zhang, H, Li, L, Xu, L, and Zheng, Y. Clinical Significance of the Serum lncRNA NORAD Expression in Patients With Neonatal Sepsis and Its Association With miR-410-3p. J Inflamm Res (2021) 14:4181–8. doi: 10.2147/JIR.S315985

49. Yuan, J, Yuan, Z, Ye, A, Wu, T, Jia, J, Guo, J, et al. Low GNG12 Expression Predicts Adverse Outcomes: A Potential Therapeutic Target for Osteosarcoma. Front Immunol (2021) 12:758845. doi: 10.3389/fimmu.2021.758845

50. Ahmad, I, Valverde, A, Naqvi, RA, and Naqvi, AR. Long Non-Coding RNAs RN7SK and GAS5 Regulate Macrophage Polarization and Innate Immune Responses. Front Immunol (2020) 11:604981. doi: 10.3389/fimmu.2020.604981

51. Hu, J, Zhang, L, Liechty, C, Zgheib, C, Hodges, MM, Liechty, KW, et al. Long Noncoding RNA GAS5 Regulates Macrophage Polarization and Diabetic Wound Healing. J Invest Dermatol (2020) 140:1629–38. doi: 10.1016/j.jid.2019.12.030

52. Liu, J, Qiu, P, Qin, J, Wu, X, Wang, X, Yang, X, et al. Allogeneic Adipose-Derived Stem Cells Promote Ischemic Muscle Repair by Inducing M2 Macrophage Polarization via the HIF-1α/IL-10 Pathway. Stem Cells Dayt Ohio (2020) 38:1307–20. doi: 10.1002/stem.3250

53. Angers, S, Li, T, Yi, X, MacCoss, MJ, Moon, RT, and Zheng, N. Molecular Architecture and Assembly of the DDB1-CUL4A Ubiquitin Ligase Machinery. Nature (2006) 443(7111):590–3. doi: 10.1038/nature05175

54. Jia, Y, Jin, H, Gao, L, Yang, X, Wang, F, Ding, H, et al. A Novel lncRNA PLK4 Up-Regulated by Talazoparib Represses Hepatocellular Carcinoma Progression by Promoting YAP-Mediated Cell Senescence. J Cell Mol Med (2020) 24(9):5304–16. doi: 10.1111/jcmm.15186

55. Li, N, Yang, G, Luo, L, Ling, L, Wang, X, Shi, L, et al. lncRNA THAP9-AS1 Promotes Pancreatic Ductal Adenocarcinoma Growth and Leads to a Poor Clinical Outcome via Sponging miR-484 and Interacting With YAP. Clin Cancer Res (2020) 26(7):1736–48. doi: 10.1158/1078-0432.CCR-19-0674

56. Tang, K-M, Chen, W, Tang, Z-H, Yu, X-Y, Zhu, W-Q, Zhang, S-M, et al. Role of the Hippo-YAP/NF-κb Signaling Pathway Crosstalk in Regulating Biological Behaviors of Macrophages Under Titanium Ion Exposure. J Appl toxicol: JAT (2021) 41(4):561–71. doi: 10.1002/jat.4065

57. Yang, K, Xu, J, Fan, M, Tu, F, Wang, X, Ha, T, et al. Lactate Suppresses Macrophage Pro-Inflammatory Response to LPS Stimulation by Inhibition of YAP and NF-κb Activation via GPR81-Mediated Signaling. Front Immunol (2020) 11:587913. doi: 10.3389/fimmu.2020.587913

58. Song, K, Kwon, H, Han, C, Chen, W, Zhang, J, Ma, W, et al. Yes-Associated Protein in Kupffer Cells Enhances the Production of Proinflammatory Cytokines and Promotes the Development of Nonalcoholic Steatohepatitis. Hepatol (Baltimore Md) (2020) 72(1):72–87. doi: 10.1002/hep.30990

59. Mia, MM, Cibi, DM, Abdul Ghani, SAB, Song, W, Tee, N, Ghosh, S, et al. YAP/TAZ Deficiency Reprograms Macrophage Phenotype and Improves Infarct Healing and Cardiac Function After Myocardial Infarction. PLoS Biol (2020) 18(12):e3000941. doi: 10.1371/journal.pbio.3000941

60. Meli, VS, Atcha, H, Veerasubramanian, PK, Nagalla, RR, Luu, TU, Chen, EY, et al. YAP-Mediated Mechanotransduction Tunes the Macrophage Inflammatory Response. Sci Adv (2020) 6(49):eabb8471. doi: 10.1126/sciadv.abb8471

61. Guo, X, Zhao, Y, Yan, H, Yang, Y, Shen, S, Dai, X, et al. Single Tumor-Initiating Cells Evade Immune Clearance by Recruiting Type II Macrophages. Genes Dev (2017) 31(3):247–59. doi: 10.1101/gad.294348.116

62. Kim, W, Khan, SK, Liu, Y, Xu, R, Park, O, He, Y, et al. Hepatic Hippo Signaling Inhibits Protumoural Microenvironment to Suppress Hepatocellular Carcinoma. Gut (2018) 67(9):1692–703. doi: 10.1136/gutjnl-2017-314061

63. Mooring, M, Fowl, BH, Lum, SZC, Liu, Y, Yao, K, Softic, S, et al. Hepatocyte Stress Increases Expression of Yes-Associated Protein and Transcriptional Coactivator With PDZ-Binding Motif in Hepatocytes to Promote Parenchymal Inflammation and Fibrosis. Hepatol (Baltimore Md) (2020) 71(5):1813–30. doi: 10.1002/hep.30928

64. Zheng, Z, Li, C, Shao, G, Li, J, Xu, K, Zhao, Z, et al. Hippo-YAP/MCP-1 Mediated Tubular Maladaptive Repair Promote Inflammation in Renal Failed Recovery After Ischemic AKI. Cell Death Dis (2021) 12(8):754. doi: 10.1038/s41419-021-04041-8

65. Liu, M, Yan, M, Lv, H, Wang, B, Lv, X, Zhang, H, et al. Macrophage K63-Linked Ubiquitination of YAP Promotes Its Nuclear Localization and Exacerbates Atherosclerosis. Cell Rep (2020) 32(5):107990. doi: 10.1016/j.celrep.2020.107990

66. Zhang, Y, Fan, Y, Jing, X, Zhao, L, Liu, T, Wang, L, et al. OTUD5-Mediated Deubiquitination of YAP in Macrophage Promotes M2 Phenotype Polarization and Favors Triple-Negative Breast Cancer Progression. Cancer Lett (2021) 504:104–15. doi: 10.1016/j.canlet.2021.02.003

67. Zhao, X, Wang, X, You, Y, Wen, D, Feng, Z, Zhou, Y, et al. Nogo-B Fosters HCC Progression by Enhancing Yap/Taz-Mediated Tumor-Associated Macrophages M2 Polarization. Exp Cell Res (2020) 391(1):111979. doi: 10.1016/j.yexcr.2020.111979

68. Feng, Y, Liang, Y, Zhu, X, Wang, M, Gui, Y, Lu, Q, et al. The Signaling Protein Wnt5a Promotes Tgfβ1-Mediated Macrophage Polarization and Kidney Fibrosis by Inducing the Transcriptional Regulators Yap/Taz. J Biol Chem (2018) 293(50):19290–302. doi: 10.1074/jbc.RA118.005457

69. Wang, X, Zhang, H, Ge, Y, Cao, L, He, Y, Sun, G, et al. AT1R Regulates Macrophage Polarization Through YAP and Regulates Aortic Dissection Incidence. Front Physiol (2021) 12:644903. doi: 10.3389/fphys.2021.644903

70. He, Z, Chen, D, Wu, J, Sui, C, Deng, X, Zhang, P, et al. Yes Associated Protein 1 Promotes Resistance to 5-Fluorouracil in Gastric Cancer by Regulating GLUT3-Dependent Glycometabolism Reprogramming of Tumor-Associated Macrophages. Arch Biochem Biophys (2021) 702:108838. doi: 10.1016/j.abb.2021.108838

71. Luo, Q, Luo, J, and Wang, Y. YAP Deficiency Attenuates Pulmonary Injury Following Mechanical Ventilation Through the Regulation of M1/M2 Macrophage Polarization. J Inflammation Res (2020) 13:1279–90. doi: 10.2147/JIR.S288244

72. Deng, F, Yan, J, Lu, J, Luo, M, Xia, P, Liu, S, et al. M2 Macrophage-Derived Exosomal miR-590-3p Attenuates DSS-Induced Mucosal Damage and Promotes Epithelial Repair via the LATS1/YAP/β-Catenin Signalling Axis. J Crohn’s Colitis (2021) 15(4):665–77. doi: 10.1093/ecco-jcc/jjaa214

73. Zhou, X, Li, W, Wang, S, Zhang, P, Wang, Q, Xiao, J, et al. YAP Aggravates Inflammatory Bowel Disease by Regulating M1/M2 Macrophage Polarization and Gut Microbial Homeostasis. Cell Rep (2019) 27(4):1176–89.e5. doi: 10.1016/j.celrep.2019.03.028

74. Fang, P, Xiang, L, Chen, W, Li, S, Huang, S, Li, J, et al. LncRNA GAS5 Enhanced the Killing Effect of NK Cell on Liver Cancer Through Regulating miR-544/Runx3. Innate Immun (2019) 25(2):99–109. doi: 10.1177/1753425919827632

75. Pei, X, Wang, X, and Li, H. LncRNA SNHG1 Regulates the Differentiation of Treg Cells and Affects the Immune Escape of Breast Cancer via Regulating miR-448/IDO. Int J Biol Macromol (2018) 118(Pt A):24–30. doi: 10.1016/j.ijbiomac.2018.06.033

76. Jiang, R, Tang, J, Chen, Y, Deng, L, Ji, J, Xie, Y, et al. The Long Noncoding RNA lnc-EGFR Stimulates T-Regulatory Cells Differentiation Thus Promoting Hepatocellular Carcinoma Immune Evasion. Nat Commun (2017) 8(1):15129. doi: 10.1038/ncomms15129

77. Huang, D, Chen, J, Yang, L, Ouyang, Q, Li, J, Lao, L, et al. NKILA lncRNA Promotes Tumor Immune Evasion by Sensitizing T Cells to Activation-Induced Cell Death. Nat Immunol (2018) 19(10):1112–25. doi: 10.1038/s41590-018-0207-y

78. Liu, X, Wu, X, Wang, Y, Li, Y, Chen, X, Yang, W, et al. CD47 Promotes Human Glioblastoma Invasion Through Activation of the PI3K/Akt Pathway. Oncol Res (2019) 27(4):415–22. doi: 10.3727/096504018X15155538502359

79. Liu, R, Wei, H, Gao, P, Yu, H, Wang, K, Fu, Z, et al. CD47 Promotes Ovarian Cancer Progression by Inhibiting Macrophage Phagocytosis. Oncotarget (2017) 8(24):39021–32. doi: 10.18632/oncotarget.16547

80. Wang, H, Zhang, L, Yang, L, Liu, C, Zhang, Q, and Zhang, L. Targeting Macrophage Anti-Tumor Activity to Suppress Melanoma Progression. Oncotarget (2017) 8(11):18486–96. doi: 10.18632/oncotarget.14474

81. Pyonteck, SM, Akkari, L, Schuhmacher, AJ, Bowman, RL, Sevenich, L, Quail, DF, et al. CSF-1R Inhibition Alters Macrophage Polarization and Blocks Glioma Progression. Nat Med (2013) 19(10):1264–72. doi: 10.1038/nm.3337

82. Moyes, KW, Lieberman, NAP, Kreuser, SA, Chinn, H, Winter, C, Deutsch, G, et al. Genetically Engineered Macrophages: A Potential Platform for Cancer Immunotherapy. Hum Gene Ther (2017) 28(2):200–15. doi: 10.1089/hum.2016.060

83. Ostuni, R, Kratochvill, F, Murray, PJ, and Natoli, G. Macrophages and Cancer: From Mechanisms to Therapeutic Implications. Trends Immunol (2015) 36(4):229–39. doi: 10.1016/j.it.2015.02.004

84. Pearson, JD, Huang, K, Pacal, M, McCurdy, SR, Lu, S, Aubry, A, et al. Binary Pan-Cancer Classes With Distinct Vulnerabilities Defined by Pro- or Anti-Cancer YAP/TEAD Activity. Cancer Cell (2021) 39(8):1115–34.e12. doi: 10.1016/j.ccell.2021.06.016

85. Shibata, M, Ham, K, and Hoque, MO. A Time for YAP1: Tumorigenesis, Immunosuppression and Targeted Therapy. Int J Cancer (2018) 143(9):2133–44. doi: 10.1002/ijc.31561

86. Song, X, Xu, H, Wang, P, Wang, J, Affo, S, Wang, H, et al. Focal Adhesion Kinase (FAK) Promotes Cholangiocarcinoma Development and Progression via Yap Activation. J Hepatol (2021) 75(4):888–99. doi: 10.1016/j.jhep.2021.05.018

87. Bou Saleh, M, Louvet, A, Ntandja-Wandji, LC, Boleslawski, E, Gnemmi, V, Lassailly, G, et al. Loss of Hepatocyte Identity Following Aberrant YAP Activation: A Key Mechanism in Alcoholic Hepatitis. J Hepatol (2021) 75(4):912–23. doi: 10.1016/j.jhep.2021.05.041

88. Hahn, WC, Bader, JS, Braun, TP, Califano, A, Clemons, PA, Druker, BJ, et al. An Expanded Universe of Cancer Targets. Cell (2021) 184(5):1142–55. doi: 10.1016/j.cell.2021.02.020

89. Liu, Q, Li, J, Zhang, W, Xiao, C, Zhang, S, Nian, C, et al. Glycogen Accumulation and Phase Separation Drives Liver Tumor Initiation. Cell (2021) 184:5559–5576.e19. doi: 10.1016/j.cell.2021.10.001




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xu, Liu, Zhang, Liu, Zhang, Tian, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2021.810893_cover.jpg
’ frontiers
in Oncology

Crosstalk Among YAP, LncRNA, and
Tumor-Associated Macrophages in
Tumorigenesis Development





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Crosstalk Among YAP, LncRNA, and Tumor-Associated Macrophages in Tumorigenesis Development

      

        		

          Introduction

        



        		

          The Close Association Between LncRNA and Tumor Macrophages

        

          		

            Aberrant Expression of lncRNA in Tumors and TAM

          



          		

            LncRNA Affects Macrophage Recruitment, Polarization, Phenotypic Transition, and Thus, Tumor Immune Escape

          



        



        



        		

          Complex Interactions Between YAP and LncRNA

        



        		

          The Close Relationship Between YAP and Macrophages

        

          		

            YAP Stimulates Macrophage Production of Proinflammatory Cytokine Factors and Inflammatory Responses

          



          		

            YAP Activation Is the Basis for Macrophage Recruitment

          



          		

            YAP Activation and M1/M2 Macrophage Polarization

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Role Target LncRNA Disease Role Reference

molecules
Contribution ~ MST LncRNA Bone metastasis The ROR1/HERS-LLGL2-MAYA-NSUNS signaling axis methylates the MST1 site and (32)
to YAP MAYA eliminates MST1 kinase activity
Contribution ~ LATS LncRNA Breast Cancer LncRNA SNHG9 promotes LATS1 liquid-liquid phase separation for oncogenic YAP (33)
to YAP SNHG9
Contribution ~ LATS HOTTIP Osteosarcoma (OS) HOTTIP catalyzes LATS2 promoter methylation (34)
to YAP
Contribution ~ YAP LINCO1559 Pancreatic cancer LINCO1559 interacts with YAP protein and blocks YAP phosphorylation (35)
to YAP
Contribution ~ YAP IncRNA Colon Adenocarcinoma INcRNA USP2-AS1 binds YAP1 and decreases p-YAP (S127) (36)
to YAP USP2-AS1  (COAD)
Contribution  YAP B4GALT1-  Osteosarcoma (OS) B4GALT1-AS1 recruits HuR to enhance the stability of YAP mRNA (37)
to YAP AS1
Contribution ~ YAP B4GALT1-  Colon Cancer B4GALT1-AS1 binds to YAP and recruits YAP to the nucleus (38)
to YAP AS1
Contribution  YAP LncRNA- Hepatocellular LncRNA-ATB reduces p-YAP expression and induces YAP nuclear translocation (39)
to YAP ATB carcinoma (HCC)
Contribution  YAP METTL3 NSCLC METTL3 promotes YAP mRNA translation and increases YAP mRNA stability by (40)
to YAP regulating the MALAT1-miR-1914-3p-YAP axis
Contribution ~ YAP MALAT1 Diabetic MALAT1 positively regulates the nuclear translocation of YAP by binding to CREB (41)
to YAP cardiomyopathy (DCM)
Contribution ~ HIF-10. LncRNA Intervertebral disc Overexpression of INcRNA JPX suppresses miR-18a-5p, upregulates HIF-10: and (42)
to YAP JPX degeneration (IDD) thereby inhibits Hippo-YAP pathway
Contribution  HIF-1o LncRNA Triple-negative breast ~ LncRNA GHET1 knockdown reduces the level of HIF-10. phosphorylation to retain (43)
to YAP GHET1 cancer (TNBC) YAP in the cytoplasm.
Suppression  YAP Lnc- Bladder Cancer Lnc-mi497RHG synergistically inhibits Hippo-Yap and TGF-B pathways, especially (44)
of YAP mi497RHG attenuating the interaction between Yap and Smad3
Suppression  YAP GAS5 Colorectal Cancer GASS5 directly interacts with the YAP WW structural domain, promoting YAP (45)
of YAP phosphorylation and ubiquitin-mediated degradation
Suppression  LATS LncRNA Hepatocellular LncRNA uc.134 inhibits CUL4A-mediated LATS1 ubiquitination and increases (46)

of YAP uc.134 carcinoma (HCC) YAPS127 phosphorylation
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LncRNA Relate to Hippo-YAP Relate to TAM Reference

LNMAT1 YAP occupies the CCL2 gene and promotes CCL2 expression LNMAT1 induces upregulation of CCL2 to recruit macrophages into (19, 28)
tumors

LncRNA LncRNA XIST upregulation is correlated with YAP upregulation LncRNA XIST downregulation inhibits IL-4-induced M2 polarization (20, 29)

XIST

RPPH1 LncRNA RPPH1 and YAP are linked indirectly by EMT CRC cell-derived exosomes translocate RPPH1 into macrophages (22, 30)
and mediate macrophage M2 polarization

LINCO0662 The knockdown of LINC0O0662 suppresses the Hippo-YAP pathway LINC00662 promotes M2 polarization by inducing the secretion of (23, 31)
WNT3A

LncRNA Hippo pathway YAP/TAZ-TEAD complex transcriptionally represses NORAD knockdown reversed the overexpression of IL-6, IL-8, and (47, 48)

NORAD IncRNA NORAD expression TNF-o. pro-inflammatory cytokines in the macrophage cells

HOTTIP HOTTIP catalyzes LATS2 promoter methylation LncRNA HOTTIP promotes GNG12 expression, which inhibits M1 (34, 49)
and M2 macrophage infiltration

GAS5 GASS directly interacts with the YAP WW structural domain, Knockdown of GAS5 shows downregulation of M2 surface markers (45, 50,

promoting YAP phosphorylation and ubiquitin-mediated degradation  and concomitant increase in M1 markers 51)
LncRNA LncRNA GHET1 knockdown reduces the level of HIF-1o. HIF-10. enhances macrophages recruitment and inducing (43, 52)
GHET1 phosphorylation to retain YAP in the cytoplasm. macrophages toward M2 phenotype
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Positive Role LncRNA

Macrophages LNMAT1

recruitment

M2 polarization LncRNA
XIST

M2 polarization GNAS-AS1

M2 polarization RP11-
361F15.2

M2 polarization RPPH1

M2 polarization LINC00662

Inhibit M2 CASC2c
polarization

Inhibit M1 LincRNA-
polarization p21
Inhibit M1 LncRNA
polarization ANCR
M1/M2 phenotype ~ LncRNA
transition COX-2

Tumor
Bladder Cancer
Lung Cancer

NSCLC
Osteosarcoma

Colorectal Cancer
Hepatocellular
carcinoma (HCC)
GBM

Breast Cancer

Gastric Cancer

Hepatocellular
carcinoma (HCC)

Mechanism
LNMAT1 induces upregulation of CCL2 to recruit macrophages into tumors
LncRNA XIST downregulation inhibits IL-4-induced M2 polarization

GNAS-AS1/miR-4319/NECAB3 axis promotes macrophage M2 polarization

RP11-361F15.2 promotes CPEB4-mediated tumorigenesis and M2-like polarization of TAM
through competitive binding to miR-30c-5p

CRC cell-derived exosomes translocate RPPH1 into macrophages and mediate macrophage
M2 polarization

LINC00662 promotes M2 polarization by inducing the secretion of WNT3A

CASC2c¢ binds to FX and inhibits its expression and secretion, which in turn inhibits M2
polarization

LincRNA-p21 knockdown promotes M1 polarization by promoting MDM2 antagonism p53
activation.

LncRNA ANCR overexpression inhibits M1 polarization by decreasing IL-18 and IL-6

LncRNA cox-2 siRNA down-regulates IL-12 and TNF-o. in M1 and up-regulates IL-10 and Arg-
1 in M2 macrophages.
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