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The AP-1 transcription factor FOSL1, also known as Fra-1, is a crucial oncoprotein that plays an important role in human tumor progression and metastasis and has thus emerged as a promising therapeutic target. FOSL1 regulates the expression of a large protein-coding gene network, and this molecular mechanism can promote the progression of tumors. Interestingly, recent studies have shown that FOSL1 can also achieve the same protumor effect by regulating certain noncoding RNAs (ncRNAs). However, more studies have shown that ncRNAs can regulate the expression and activity of FOSL1, thereby affecting the occurrence and development of tumors, which indicates that ncRNAs can be regulators of FOSL1 in cancer. In this review, we first provide a comprehensive overview of the expression and function of FOSL1 and ncRNAs in tumors and then focus on the mutual regulatory relationship between ncRNAs and FOSL1, as well as their regulatory effects on and mechanisms of tumor progression. In addition, we further explored the potential clinical applications of the FOSL1-ncRNA system in cancer treatment, providing a theoretical basis for the study of FOSL1 and/or ncRNA-related molecular markers or targeted therapies.




Keywords: FOSL1, ncRNA, cancer, immune escape, targeted therapy




1 Introduction

The study of activator protein-1 (AP-1), which can be purified from HeLa cells by sequence-specific DNA affinity chromatography, began in 1980’s (1). First, AP-1 was reported to bind to TPA (tissue plasminogen activator) response elements (TREs) located in the promoter region of some TPA-induced genes, such as matrix lysin and collagenase, and promote the transcription of these genes (2). Subsequent studies have revealed that AP-1 has a wide range of biological functions, such as being a transcription factor involved in cell survival, apoptosis, migration, immune escape, cell transformation and metastasis (3), and participates in the process of hematopoietic differentiation (4), angiogenesis, inflammatory reactions and carcinogenesis (3).This wide range of functions carried out by AP-1 is inseparable from its structural composition. AP-1 is a homodimeric or heterodimeric protein composed of Jun family proteins (c-Jun, JunB, and JunD), Fos family proteins (c-Fos, FosB, FOSL1/Fra-1 [Fos-related antigen 1], and FOSL2/Fra-2), activating transcription factor (ATF), and muscle aponeurotic fibrosarcoma (MAF) family proteins, which binds to DNA through the basic leucine zipper (bZIP) structure (5). Different subunit compositions result in different affinities between AP-1 and different binding sequences, leading to different biological activities with different target genes (6). In further research on the structure and function of AP-1, the Fos family has attracted the attention of researchers, especially FOSL1, as it differs from c-Fos and c-Jun in that it does not have a transactivation function.

FOSL1 was discovered in the last century, and its gene product has extensive amino acid homology and similar antigenicity to the c-Fos protein (7). Early research on FOSL1 coincided mainly with research on AP-1 and c-Fos. FOSL1 can be induced by serum in fibroblasts and is an early gene that participates in the cell’s response to environmental stimuli. However, during serum induction, the expression of FOSL1 is upregulated later than the expression of c-Fos, suggesting that FOSL1 can be positively regulated by AP-1 (8), which is unique in the Fos family. In addition, FOSL1 can negatively regulate the activity of AP-1 in circulating cells and stabilize AP-1 by binding to Jun and subsequently increasing its binding to DNA (7). FOSL1 is expressed and plays a role in epidermal tissue, the nervous system, and bone (9), but its constitutive levels are not high in other normal tissues, and there is no significant tissue specificity. Furthermore, FOSL1 is expressed mainly in the nuclei of proliferating cells and is related to the synthesis of genetic material during the cell cycle (10), which has a significant effect on the progression of the cell cycle. Therefore, FOSL1 was subsequently confirmed to be related to cellular aging, such as playing a key role in angiotensin-induced vascular aging (11), while reducing cell proliferation and inducing apoptosis on the basis of the cellular environment. Research has revealed that FOSL1, which is often highly expressed in tumor tissues and has an effect on malignant transformation, proliferation, invasion, anti-apoptosis and drug resistance of tumor cells, is related to tumor progression (12). Moreover, as the important role of FOSL1 in cancer progression has been confirmed, its regulatory mechanism, which involves many tumor-related genes and signaling pathways and even noncoding genes, such as noncoding RNAs (ncRNAs), has also attracted attention.

ncRNA refers to RNA that is transcribed from the genome and does not encode protein. According to their length, shape and location, ncRNAs can be divided into at least four types: long noncoding RNAs (lncRNAs), microRNAs (miRNAs), circular RNAs (circRNAs) and Piwi-interacting RNAs (piRNAs). Although they cannot or rarely encode proteins, they can interact with other encoding RNAs, DNA, or proteins to regulate gene expression at the epigenetic, transcriptional, and posttranslational levels (13). Therefore, ncRNAs are involved in a wide range of complex physiological and pathological processes. Research on many types of cancer has revealed that many ncRNAs can promote or inhibit the development of tumors. They play important regulatory roles in various tumor activities, such as proliferation, apoptosis, invasion, metastasis, immune escape, and the therapeutic response of tumor cells (14). Currently, many preclinical and clinical trials have been initiated to confirm the potential value of ncRNAs as biomarkers for tumor diagnosis or prognosis (15). Moreover, the development of anticancer drugs based on ncRNAs has gained significant momentum and may lead to breakthroughs. Interestingly, recent studies have shown that there is a complex regulatory relationship between ncRNAs and FOSL1, which can significantly influence the occurrence, development and prognosis of cancer by working together with multiple molecules and forming a complex signaling network (16).

This type of mutual regulation is not only found between ncRNAs and FOSL1. Other members of the Fos superfamily can interact with different ncRNAs to participate in the development of cancer. For example, c-Fos, an oncogene located at 14q24.3, can form a heterodimer with c-Jun that can promote cancer. In non-small cell lung carcinoma, c-Fos/c-Jun upregulate cyclin D1 through IL-7 to improve the invasion and proliferation of tumors (17). In gastric cancer, RPRD1B can adjust the intake and synthesis of fatty acids through the upregulation of c-Fos/c-Jun, and c-Fos/c-Jun can also decrease the degradation of RPRD1B by increasing the content of the lncRNA NEAT (18). The function of FosB in the progression of cancer is more interesting. In glioma, Fosb promotes the expression of cleaved caspase-3 and then inhibits the apoptosis of tumor cells (19). FosB can also play a dual role in the development of lung cancer depending on the phenotype of p53 (20). LINC00963 can recruit Fosb to the ubiquitin protein ligase E3C (UBE3C) promoter and increase the radioresistance of breast cancer through UBE3C (21). Moreover, Fra-2 also has the closest relationship with ncRNAs in tumor biology. In non-small cell lung cancer, the lncRNA ITGB2-AS1 can directly bind to the Fra-2/NAMPT axis and then inhibit ferroptosis induced by p53, which promotes cisplatin resistance (22). Additionally, miR-301a inhibits the Fra-2/GLIPR1 (GLI pathogenesis-related 1) axis to increase cisplatin resistance in lung cancer (23). In pancreatic ductal adenocarcinoma (PDAC), the abnormal downregulation of miR-15a leads to the upregulation of Fra-2, which can then mediate the adaptation of tumor cells to nutrient deprivation via the Fra-2/IGF1R (IGF1 receptor) axis (24). These data indicate that the Fos-ncRNA axis plays an important regulatory role in tumor biology and suggest the clinical potential of tumor therapy targeting this axis.

In this review, we first provide an overview of the basic information concerning FOSL1 and ncRNAs, as well as their regulatory roles in tumors. We focused on the mutual relationship and potential molecular mechanisms between ncRNAs and FOSL1 during cancer development. In addition, we further explored the potential clinical application of the FOSL1-ncRNA system in cancer treatment, which provides a theoretical basis for research on molecular markers or targeted therapies related to FOSL1 and/or ncRNA.




2 FOSL1 in tumors

FOSL1 is a 271-amino acid protein encoded by the FOSL1 gene located at 11q.13.1. The expression of FOSL1 is abnormal in many types of tumors, and it is upregulated in many tumors; however, its functions and content are not the same in different tumor types (25). FOSL1 affects the progression of cancer mainly through the transcription of a series of tumor-related genes by binding the promoters, introns and distal enhancers in the binding regulatory sequence (26, 27). In different tumors, the target of FOSL1 is specific; for example, in gastric cancer, FOSL1 can promote the proliferation of tumor cells through the RAS-ERK (extracellular signal-regulated kinase) and PI3K (phosphatidylinositol 3-kinase)-AKT pathways. However, in thyroid cancer, cell division can be promoted by the ability of FOSL1 to regulate the cell cycle (12). Overall, FOSL1 has a strong influence on tumor progression, including promoting proliferation, metastasis, invasion, antiapoptosis activity, and drug resistance and increasing tumor heterogeneity (28), as shown in Figure 1. Moreover, FOSL1 is involved in other important signaling pathways that affect tumor progression, such as the interleukin-6/signal transducer and activator of transcription 3 (IL-6/Stat3) pathway (29), the Wnt-β-catenin pathway (30), and other major carcinogenic pathways. For example, FOSL1 can induced the formation of superenhancers (SEs) that bind to tumor-related genes (such as metastasis-promoting genes), thus promoting gene expression and cancer cell migration (31). Tumors may contain multiple types of clones at the same time, among which tumor stem cells (CSCs) proliferate rapidly and have strong invasiveness, which is considered one of the reasons why tumors easily recur and are difficult to treat (32). FOSL1 can also promote the reprogramming of cancer cells with other phenotypes of CSCs, thus promoting tumor metastasis (33). Moreover, FOSL1 can also induce phenotypic changes in CSCs, increasing the heterogeneity of tumors and promoting their development toward malignancy. For example, in glioblastoma, FOSL1 can induce the transformation into the mesenchymal (MES) subtype by indirectly activating NF-κB (33). Moreover, the lack of the neurofibromatosis type 1 gene (NF1) can promote the RAS-MAPK (mitogen-activated protein kinase) pathway and upregulate the expression of FOSL1, which allows the maintenance of the MES subtype characteristics (34). Epithelial–mesenchymal transition (EMT) is also an important step in tumor progression and plays a major role in tumor metastasis and invasion (35). The activity of FOSL1 is necessary for EMT in tumor cells. Transcription factors related to EMT are also known as EMT-TFS, and FOSL1 can act as a mutual regulatory network between them (36). FOSL1 induced by RAS-ERK2 can also directly act on related molecules involved in EMT, such as zinc finger E-box binding homeobox 1 (ZEB1) and zinc finger E-box binding homeobox 2 (ZEB2) (16). In addition, FOSL1 itself is also a metastasis-promoting gene, and the upregulation of its expression promotes cell metastasis (37). Thus, many studies suggest that FOSL1 may be used as a specific indicator of tumors, a target of treatment and a marker of poor prognosis in the future.
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Figure 1 | The protumor effects of FOSL1 Fra-1/FOSL1 can promote tumor growth, proliferation, and metastasis, EMT, immune escape, and drug resistance and inhibit apoptosis by activating or inhibiting cancer-related genes or affecting tumor-associated signal transduction pathways.

However, some studies suggest that FOSL1 may also have an inhibitory effect on the progression of tumors. FOSL1 can induce apoptosis and negatively regulate the activity of AP-1 (3). Therefore, FOSL1 is highly important in the development of tumors, and its relevant regulatory mechanism has attracted increasing attention. Recent studies have shown that there is a mutual regulatory relationship between FOSL1 and ncRNA, and this relationship plays an important role in the occurrence and progression of tumors. For example, in breast cancer, many abnormally expressed ncRNAs (mainly miRNAs and lncRNAs) are associated with the high expression of FOSL1 (38). Studies have shown that FOSL1 can be directly or indirectly regulated as a downstream target (39) and that some ncRNAs can be targeted by its expression (39). However, some studies suggest that FOSL1 can regulate the expression of some ncRNAs, thereby affecting their function in tumors.




3 ncRNAs in tumors

Because ncRNAs are abundant in the human genome, they play important roles in the human body and can play regulatory roles in cell proliferation, differentiation, apoptosis and other cell life processes (40). The occurrence of cancer is related to abnormal cell proliferation and apoptosis. ncRNAs, especially miRNAs and lncRNAs, can influence the occurrence and progression of tumors by regulating cellular processes (41). The regulatory roles of miRNAs in many processes in tumor cells are achieved mainly through translation inhibition and mRNA degradation (41), which affect the expression of tumor-related genes. Moreover, tumor progression affects the content of miRNAs, which often form a positive or negative feedback loop to influence tumor progression (41). Different miRNAs have different functions, and according to their different effects on tumors, they can be divided into oncogene miRNAs and tumor inhibitory miRNAs (42, 43), as shown in Figure 2. However, overall, more miRNAs play important roles in tumor inhibition by regulating the cell cycle, influencing the immune response and tumor microenvironment. Interestingly, the same miRNA may also play different roles in different kinds of tumors (44). Moreover, miRNAs can not only regulate the tumor itself but also serve as a bridge to help other molecules, including lncRNAs, achieve their biological effects.
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Figure 2 | The regulatory function of ncRNAs in cancer ncRNAs are a double-edged sword in the occurrence and development of cancer. On the one hand, ncRNAs can promote tumor cell invasion, proliferation, immune escape, metastasis, or drug resistance by influencing enzymes, cyclins, or metabolic reprogramming but promote apoptosis via ceRNAs, transcription, and epigenetic regulation. On the other hand, ncRNAs can regulate tumor-associated macrophages or cancer-associated fibroblasts by affecting tumor suppressor genes, transcription, translation, or immunoreactions. They can also inhibit tumor metastasis, proliferation, invasion, EMT, or angiogenesis by regulating the tumor microenvironment and regulatory factors of the cell cycle.

lncRNAs can bind to miRNAs by acting as competitive endogenous RNAs (ceRNAs) or RNA sponges to make them inactive (45, 46) and then promote the synthesis of related proteins. Thus, lncRNAs can affect the cellular processes by interacting with DNA and proteins (47) and can also inhibit or promote the development of tumors. In addition, lncRNAs can also bind to a variety of enzymes and regulate their activities. This regulatory mode is widely observed in mitochondria, the endoplasmic reticulum and ribosomes (47). In addition, lncRNAs play a major role in the posttranslational modification of metabolism-related proteins, including phosphorylation, acetylation and ubiquitination (48, 49). Moreover, lncRNAs play important roles at the gene level, which means that lncRNAs can adjust the modifications of transcription factors and subsequently affect the transcription of genes (50–52). Therefore, lncRNAs can activate some carcinogens or participate in carcinogenic signaling pathways, accelerating the progression of tumors, which may function as diagnostic biomarkers or therapeutic targets in cancer (46, 49).

CircRNAs are another type of ncRNA related to miRNAs that can also function as ceRNAs. Ample evidence suggests that, similar to miRNAs and lncRNAs, circRNAs play important roles in transcriptional and posttranscriptional control of gene expression by acting as miRNA sponges (53) and protein scaffolds (54), as well as interacting with RNA-binding proteins (RBPs) (55), thereby influencing tumor progression.

Therefore, ncRNAs (mainly miRNAs, lncRNAs and circRNAs) have a wide influence on the progression of tumors, and their mechanisms of action and downstream targets, including several cancer-related genes, their expression products, and several crucial signaling pathways, are highly variable. Recently, a correlation between the content of ncRNAs and FOSL1 in some tumors was reported (56). Further studies have shown that there is a mutually regulatory relationship between ncRNA and FOSL1. The relationship between miRNA and FOSL1 is the closest (25), and FOSL1 can serve as a direct target for some upstream miRNAs (57) or regulate a few downstream miRNAs (58). lncRNAs and circRNAs mainly indirectly affect the expression of FOSL1 by regulating miRNAs or other molecules (59). In contrast, the expression or function of miRNAs, lncRNAs, and circRNAs can also be directly or indirectly regulated by FOSL1 (25). These mutually regulatory relationships have important impacts on the occurrence and development of tumors, which will be discussed in detail in the following sections.




4 The mutual regulatory relationship between FOSL1 and ncRNA and its effect on tumor development



4.1 The FOSL1-miRNA system

Among the various molecular mechanisms and relevant molecules involved in the mutual regulation of ncRNAs and FOSL1, miRNAs are the most closely related to FOSL1, as shown in Table 1 and Figure 3. In most cases, miRNAs can inhibit the expression of downstream target genes and reduce the content of specific proteins, whereas FOSL1 can promote transcription. miRNAs can mediate gene silencing by binding their own specific sequence to the specific sequence in the 3’ untranslated region of FOSL1, which then directly regulates the expression of FOSL1 (60). In addition, some miRNAs (for example, miR-138) can also interact with the 5’ FOSL1 noncoding region and coding region to affect the expression of FOSL1 (25). Moreover, a few miRNAs are regulated by FOSL1 as targeted genes; for example, FOSL1 can affect the transcription of miR-221/222 (61). The relationship between miRNAs and FOSL1 in vivo can be divided into two main categories: first, as upstream regulatory molecules, miRNAs can affect FOSL1; second, FOSL1 can also regulate miRNAs and affect the development of tumors. In general, miRNAs act as upstream regulators of FOSL1 and play a role in inhibiting cancers, whereas downstream miRNAs promote the development of tumors.


Table 1 | Regulation of Fra-1/FOSL1-related ncRNAs in cancer.
	ncRNA types
	Roles in cancer
	Position and function relationship with Fra-1/ FOSL1
	Related cellular processes
	Related genes or signaling pathways
	Tumor types
	Refs



	miRNAs


	miR-195-5p
	Tumor suppressor
	Upstream, Inhibition
	Metastasis, Invasion
	–
	Prostate cancer
	(62)


	miR-195-5p
	Tumor suppressor
	Upstream, Inhibition
	Metastasis, Invasion, Proliferation
	Wnt-β-catenia
	Gallbladder carcinoma
	(66)


	miR-138
	Tumor suppressor
	Upstream, Inhibition
	EMT, Metastasis
	Snai2, E-cadherin
	Squamous cell carcinoma
	(57)


	miR-497
	Tumor suppressor
	Upstream, Inhibition
	EMT, Metastasis
	–
	Colon cancer
	(69)


	miR-34a
	Tumor suppressor
	Upstream, Inhibition
	Metastasis
	P53, MMP-1, MMP-9
	Colon cancer
	(71)


	miR-130a
	Tumor suppressor
	Upstream, Inhibition
	Metastasis
	ZO-1
	Breast cancer
	(73)


	miR-19a-3p
	Tumor suppressor
	Upstream, Inhibition
	Tumor-associated-macrophage
	IL-6, STAT3
	Breast cancer
	(80)


	miR-4516
	Tumor suppressor
	Upstream, Inhibition
	Cancer-associated-fibroblast, Proliferation
	Exosome
	Breast cancer
	(86)


	miR-34a-5p, miR-20a-3p
	Tumor suppressor
	Upstream, Inhibition
	Proliferation
	ONC
	Melanoma
	(59)


	miR-221/222
	Oncogene
	Upstream, Promotion
	EMT, Invasion
	RAS, ERK2, TRPS1
	Breast cancer
	(89)


	miR-27a-5p
	Oncogene
	Downstream, Promotion
	Drug resistance, Retroviral
	–
	Glioma
	(59)


	lncRNAs


	AGAP2-AS1
	Oncogene
	Upstream, Promotion
	Invasion, Metastasis, Apoptosis
	miR-195-5p
	Esophageal carcinoma
	(100)


	HOTAIR
	Oncogene
	Upstream, Promotion
	Malignant growth
	miR-301a-3p
	Glioma
	(102)


	NEAT1
	Oncogene
	Upstream, Promotion
	Growth, Invasion
	miR-378b
	Hemangioma
	(108)


	LINC01503
	Oncogene
	Upstream, Promotion
	Metastasis, Invasion,
Post-translational modification
	SFPQ
	Nasopharyngeal carcinoma
	(110)


	HOXA11-AS1
	Oncogene
	Upstream, Promotion
	Immune escape,
Proliferation, Metastasis
	HOXA-AS1, PTBP1
	Hypopharyngeal carcinoma
	(113)


	Others


	CircCRIM1
	Oncogene
	Upstream, Promotion
	Invasion, Proliferation
	miR-34c-5p
	Nasopharyngeal carcinoma
	(120)


	piR-2158
	Tumor suppressor
	Downstream, Inhibition
	Angiogenesis
	IL-11, JAK-STAT
	Breast cancer
	(124)





-: Not mentioned.
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Figure 3 | The ncRNA-mediated mechanisms by which FOSL1 affects various tumors Different types of ncRNAs mediate the activation or inhibition of Fra-1/FOSL1 through many signaling pathways, thereby affecting the progression of various tumors.



4.1.1 FOSL1 exerts a protumor effect due to the loss of negative regulation by miRNAs

In prostate cancer, the expression of miRNA-195-5p decreases abnormally, and its ability to suppress the expression of FOSL1 decreases, which leads to an increase in the content of FOSL1 and promotes invasion and metastasis of the tumor. Moreover, the upregulation of FOSL1, which is a component of AP-1, can activate AP-1 persistently and participate in the transformation mediated by AP-1 (62, 63). In squamous cell carcinoma, downregulation of miRNA-138 leads to an increase in the expression of FOSL1, which can increase the expression of the transcription inhibitor Snai2. Snai2 can serve as an inhibitor of gene expression and then decrease the expression of E-cadherin, which can promote EMT and the progression of tumors (57, 64, 65). In gallbladder carcinoma, the content of miRNA-195-5p decreases, which increases the expression of its direct target, FOSL1. By upregulating the expression of the transcription factor β-catenin in the Wnt-β-catenin signaling pathway, the function of this signaling pathway is increased, and tumor proliferation, invasion and migration are subsequently promoted (66, 67). In colon cancer, miRNA-497 can inhibit FOSL1, thus reducing the content of FOSL1 and decreasing the content of miR-34a in tumor cells. Moreover, miRNA-497 can also downregulate insulin-like growth factor 1 and inhibit the survival and invasion of cancer cells (68, 69). The expression of miRNAs can also be regulated by some tumor-related genes; for example, miRNA-34a can be a target of the p53 gene (70). Under the action of p53, the expression of miRNA-34a increases, thus inhibiting the expression of FOSL1 and indirectly inhibiting the activity of MMP-1 and MMP-9, which causes the contents of MMP-1 and MMP-9 in colon cancer cells decrease, thus inhibiting the migration and metastasis of tumor cells (71). In addition, many abnormally expressed miRNAs have been found in breast cancer, many of which are involved in mutual regulation with FOSL1 (72). For example, miRNA-130a can reduce the content of FOSL1, and FOSL1 can promote the expression of the tight junction protein Zona occludens 1 (ZO-1) in breast cancer; thus, miRNA-130a can indirectly inhibit ZO-1 through FOSL1 by inhibiting its expression to inhibit tumor metastasis (73, 74). These data indicate that some miRNAs in tumors can play a role in inhibiting cancer by down-regulating the expression or function of FOSL1. When these miRNAs are inhibited, the tumor-promoting effect of FOSL1 will naturally be restored.

Studies have shown that the tumor microenvironment (TME) and tumor-related macrophages have important effects on the occurrence and development of tumors (75–77). In macrophages, the M2 phenotype can promote tumor development (78), while FOSL1 can prevent macrophages from differentiating into the M2 phenotype by activating the STAT3 pathway and other downstream pathways (37). miR-19a-3p can inhibit the expression of FOSL1 at the mRNA level by binding to the 3’UTR, thus indirectly reducing the number of M2 phenotype macrophages and slowing the progression of cancer (79). Moreover, cytokines such as IL-6 can inhibit the expression of miR-19a-3p and promote the development of tumors (80). In addition to the TME, other factors, such as cancer-related fibroblasts (CAFs), may also affect the development of tumors (81). CAFs can secrete vesicles containing various components and abundant miRNAs that are known as exosomes (82). This kind of exosome can promote invasion and drug resistance (83, 84) and can deliver carcinogenic DNA to normal cells (85). In particular, in pancreatic cancer, exosomes play an important role in the resistance of tumor cells to chemotherapy (82). In breast cancer, CAFs can generate exosomes containing miR-4516, which can inhibit the expression of FOSL1, thus indirectly inhibiting the proliferation and invasion of tumor cells (86). Therefore, some drugs, such as Onconase (ONC), can affect the progression of tumors through the downregulation of FOSL1 mediated by miRNAs. ONC, an enzyme that was originally extracted from amphibians and belongs to the secretory ribonuclease superfamily, is cytotoxic and can inhibit the proliferation of tumor cells (87). In melanoma, ONC targets miR-34a-5p and miR-20a-3p and upregulates them, and both of these miRNAs can downregulate the expression of FOSL1 (59). These data suggest that one of these antitumor mechanisms of ONC may involve indirect regulation of specific cancer proteins, such as FOSL1.




4.1.2 FOSL1 exerts a protumor effect by negatively regulating miRNAs

miRNAs can bind to the 3’ noncoding sequence of FOSL1 to regulate FOSL1, whereas FOSL1 also plays a regulatory role in miRNAs, and this regulation is related to the proto-oncogene that is the upstream regulator of FOSL1, such as IL-6.

RAS can promote the expression of FOSL1 through the downstream positive regulation of ERK2 (88), and FOSL1 can subsequently bind to the promoter region of miR-221/222 to promote its transcription (89). miR-221/222 act on its downstream target, trichorhinophalangeal syndrome type 1 (TRPS1), which is an inhibitor of EMT, and miR-221/222 can reduce its expression, thus promoting the epithelial–mesenchymal transition of tumor cells and increasing tumor invasion (89). Moreover, although FOSL1 may play a dual role in tumor progression, at present, research only supports the carcinogenic effect of FOSL1 in its regulation of miRNAs.

FOSL1 not only affects the occurrence and development of tumors but also affects the drug resistance of tumor cells, and it is beneficial to the survival of drug-addicted cancer cells when the drug is withdrawn (90). miRNAs are also involved in this process. In ovarian cancer, miR-134 can form a positive feedback loop with FOSL1, which reduces the sensitivity of tumor cells to chemotherapy drugs (91). In this loop, miR-134 targets suppressor-of-Dis2-number 2 (SDS22) and inhibits its expression, which indirectly promotes the activation of JNK and ERK and then promotes the expression of FOSL1 and increases the FOSL1 content (92, 93). FOSL1 can bind to the promoter region to promote the transcription of miR-134, forming a feedback loop. Moreover, miR-134 can promote the repair of DNA by promoting the phosphorylation of H2AX S139, thus preventing the influence of chemotherapeutic drugs (94, 95). In glioma, FOSL1 can promote the transcription of miR-27a-5p and miR-221-3p by binding to the promoter region of genes, thus reducing the sensitivity of cancer cells to radiotherapy (58). These data suggest that the antitumor effects of some miRNAs may be lost or become less efficient due to the negative regulation exerted by FOSL1.





4.2 The FOSL1-lncRNA system

Compared with the complex relationship between miRNAs and FOSL1, the regulatory effect of lncRNAs on the expression of FOSL1 is simpler, as shown in Table 1 and Figure 3. lncRNAs are usually upstream regulatory molecules that can indirectly adjust the expression of FOSL1 by regulating the expression of miRNAs and other molecules. First, lncRNAs act as “RNA sponges”, which reduce the content of miRNAs and weaken their function through adsorbing miRNAs (96, 97), thus alleviating the inhibitory effect of miRNAs on the expression of FOSL1 and indirectly promoting the expression of FOSL1. In addition, lncRNAs can also regulate the activities of some enzymes related to transcription and RNA modification (98, 99), thus affecting the transcription and translation of FOSL1 and regulating FOSL1. In this process, lncRNAs usually promote the progression of tumors, which is beneficial for the growth, proliferation, invasion and metastasis of tumor cells. However, to date, lncRNAs have not been shown to be directly regulated by FOSL1.



4.2.1 The tumor-promoting effect of FOSL1 is positively regulated by lncRNAs that target miRNAs

In esophageal carcinoma, the expression of the lncRNA AGAP2-AS1 increases, and AGAP2-AS1 can bind to miR-195-5p, resulting in a reduction in the content of FOSL1, a target gene of miR-195-5p, which then promotes the invasion and metastasis of cancer or inhibits apoptosis (100). In glioma, the oncogenic lncRNA HOTAIR can promote the occurrence and metastasis of tumors (101) and is highly expressed in glioma (102), colorectal cancer (103) and lung cancer (104). HOTAIR plays an important role in tumor growth, especially in glioma. HOTAIR can bind to miR-301a-3p as a ceRNA to inhibit its negative regulation of FOSL1 and then promote the expression of FOSL1 (105). Moreover, as an important regulator in glioblastoma, the activity of the lncRNA TRPM7 is related to the malignant growth of tumors (106). Transient receptor potential melastatin 7 (TRPM7) can promote the expression of HOTAIR and then indirectly regulate the progression of cancer as a negative regulator of miR-301a-3p (105). The expression of the lncRNA NEAT1, which can adsorb miR-378b by acting as an RNA sponge, is abnormal in hemangioma; moreover, FOSL1 was shown to be a downstream target gene of miR-378b, and its expression was inhibited by miR-378b (107). Therefore, NEAT1 can indirectly promote the expression of FOSL1 by adsorbing miR-378b. Interestingly, NEAT1 is also regulated by other molecules to further regulate the miR-378b-FOSL1 axis. For example, alkyl repair homologous protein 5 (ALKBH5) can reduce the m6A modification of NEAT1 (108, 109), thus promoting the expression of NEAT1 and its downstream molecular mechanism at the transcriptional level. In other words, the ALKBH5-NEAT1-miR-378b-FOSL1 axis plays important roles in the development of cancer.




4.2.2 The tumor-promoting effect of FOSL1 is positively regulated by lncRNAs that target other molecules

In nasopharyngeal carcinoma, the lncRNA LINC01503 can play a regulatory role in FOSL1 by influencing the SFPQ-FOSL1 axis (110). LINC01503 can recruit the splicing factor SFPQ (splicing factor proline/glutamine-rich), which can promote the posttranscriptional modification of FOSL1 and indirectly increase the expression of FOSL1 (111, 112). In hypopharyngeal carcinoma, the lncRNA HOXA11-AS1-polypyrimidine tract-binding protein 1 (PTBP1)-FOSL1-programmed death ligand 1 (PD-L1) axis has been identified as a new pathway that affects the immune escape of tumors from T cells and influences the proliferation and metastasis of tumors by regulating PD-L1 (111, 112). In this pathway, HOXA11-AS1 can increase the content of PTBP1, which can increase the content of FOSL1 by increasing the stability of the FOSL1 mRNA (113, 114), subsequently promoting the expression of PD-L1, which is beneficial for the proliferation and immune escape of cells. These results indicate that in addition to negatively regulating tumor-suppressive miRNAs, lncRNAs can also positively regulate the protumor effect of FOSL1 by targeting molecules upstream of FOSL1.





4.3 Systems involving FOSL1 and other ncRNAs

In addition to miRNAs and lncRNAs, other types of ncRNAs affect tumors, such as circRNAs and piRNAs (115), as shown in Table 1 and Figure 3. They can also regulate various molecular mechanisms and participate in the occurrence and development of tumors. Among these other types of RNA, circRNAs and piRNAs are currently reported to have regulatory relationships with FOSL1. Both circRNAs and piRNAs can regulate FOSL1. CircRNAs are closed circular RNA molecules that are highly stable, and their expression is specific to different tissues (116). CircRNAs also play a role in cellular processes such as gene expression and protein synthesis (117–119). The content of CircCRIM1 is increased in nasopharyngeal carcinoma and affects the proliferation and invasion of cancer cells. This effect may be related to the regulation of the miR-34c-5p-FOSL1 axis by CircCRIM1 (120). In tumor cells, CircCRIM1 can bind to miR-34c-5p to prevent its function and then indirectly promote the expression of FOSL1. These studies suggest that, similar to lncRNAs, circRNAs can also indirectly affect FOSL1, mainly by regulating other molecules, including miRNAs.

piRNAs are small noncoding RNAs with a length of approximately 30 nt that were first discovered in microbes (121). PiRNAs can bind to the PIWI protein to form a piRNA-induced silencing complex, which plays a role in gene expression and epigenetic regulation (122). Angiogenesis is necessary for the growth of tumors and distant metastasis in patients with breast cancer (123). FOSL1 can increase this process, whereas the overexpression of piR-2158n can inhibit this phenomenon (124). FOSL1 can bind to the promoter region of interleukin-11 (IL-11) and promote transcription (125). The overexpression of IL-11 can further activate the downstream Janus kinase-activator of transcription (JAK-STAT) signaling pathway, subsequently promoting the development of cancer (126). However, piR-2158 can compete with FOSL1 for the binding site on the IL-11 promoter region, which makes the function of FOSL1 ineffective and plays an anticancer role. In other words, unlike circRNAs, piRNAs act as competitive inhibitors of FOSL1 by competing for the binding site on the downstream target, thus blocking the functional pathway of FOSL1.





5 The FOSL1-ncRNA system may serve as a potential cancer treatment strategy

At present, many studies have focused on the role of ncRNAs and FOSL1 in cancer and their clinical significance. Among all the ncRNAs, miRNAs and lncRNAs are highly expressed in vivo, which has attracted increasing attention. Abnormal expression of miRNAs and lncRNAs is often found in tumors, and their expression is specific to different types of cancer (127). Therefore, the type of cancer can be identified at an earlier stage by assessing the contents of miRNAs and lncRNAs in the tumor cells. Treatments that target different kinds of miRNAs also vary depending on their categories and effects. Carcinogenic ncRNAs are overexpressed in tumors and can promote the development of cancer, and therefore, it is necessary to inhibit these miRNAs to control the tumors. At present, therapies mainly include anti-ncRNA oligonucleotides, ncRNA sponges and small-molecule inhibitors (128). The main function of the first two types of therapy is to bind to or absorb the miRNAs, thus blocking their function. The scope of action of small-molecule inhibitors is wider and includes affecting biosynthesis, target-effect binding and many other aspects (90). However, tumor suppressor miRNAs are often downregulated in tumors, and therefore, increasing their content to inhibit the development of cancer is the main strategy. miRNA mimics and miRNA replacement therapy have been shown to increase the content of ncRNA in a model (128). Moreover, therapies targeting FOSL1 involve multiple pathways, including genes, mRNAs, protein degradation and small-molecule inhibitors (129). Initial results on innovative vectors and the application of CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 (CRISPR-associated nuclease 9) based on the CRISPR system have been reported (90). The stability of the protein mainly depends on the C-terminal sequence, which means that the degradation of FOSL1 can be induced by a protein degradation agent (90). In addition to RNAi, miRNAs can also bind to mRNAs to inhibit the translation of proteins (41). In summary, the diagnostic capabilities and potential targeted therapeutic strategies of ncRNAs and FOSL1 in tumors are increasingly being explored.

Interestingly, the relationship between ncRNAs and FOSL1 has recently attracted attention for its clinical application. The mutual regulation of ncRNAs and FOSL1 can affect the development of cancer, and therefore, researchers hope to use them as new targets in cancer treatment. In glioma, FOSL1 can reduce the sensitivity of tumor cells to radiotherapy by inhibiting miR-27a-5p, and therefore, FOSL1 silencing can improve the curative effect of radiotherapy (58). miR-195-5p can inhibit FOSL1 in prostate cancer, thus inhibiting tumor migration and invasion. miR-195-5p has been suggested as a new therapeutic target for prostate cancer (62). In breast cancer, miR-4516 in exosomes can inhibit the progression of FOSL1-dependent breast cancer, and some studies suggest that miR-4516 may become a new anticancer drug for therapy. The combination of miRNA-related therapy and chemotherapy may become a new strategy for the treatment of breast cancer (86). The feedback loop of FOSL1-miR-134-SDS22 plays an adverse role in the response of ovarian cancer to chemotherapy, and such a treatment may improve the effect of chemotherapy in ovarian cancer (91). Similarly, some lncRNAs in the FOSL1-ncRNA system can also be therapeutic targets. For example, HOTAIR can promote the development of cancer through the HOTAIR-miR301a-3p-FOSL1 axis, suggesting the possibility of finding new therapeutic targets and biomarkers (105). Silencing AGAP2-AS1 can indirectly inhibit FOSL1 and can thus inhibit tumor metastasis, which is expected to be a targeted therapeutic strategy in the future (100). ALKBH5 can promote the development of tumors through the NEAT1-miR-378b-FOSL1 axis, and therapy against these molecules may become a new method for treating infantile hemangioma (IH) (107). In addition, inhibitors targeting the LINC01503-SFPQ-FOSL1 axis in nasopharyngeal carcinoma may become new targeted therapies (110). Moreover, other ncRNAs of the FOSL1-ncRNA system are expected to become new targets for tumor treatment. For example, piRNA-2158 can inhibit the promoting effect of FOSL1 by acting on IL-11 and the formation of new blood vessels in tumors, which provides new ideas for the treatment of breast cancer (124). These studies indicate that the FOSL1-ncRNA system may be a potential target for tumor therapy, although there are currently no reports of preclinical/clinical trials targeting this axis.




6 Conclusion and discussion

The main functions of FOSL1 in tumor development have been confirmed, including promoting angiogenesis, increasing the heterogeneity of tumor cells, and promoting EMT and tumor invasion and metastasis, and these effects have been found in many tumors. Moreover, FOSL1 is related to various signaling pathways and molecular mechanisms, which can activate various targets and exert various biological effects. FOSL1 also has a variety of regulatory mechanisms, and its expression and regulation are related to the RAS gene and p53 gene. In addition to cancer-related genes, the expression of FOSL1 is also regulated by ncRNAs, with miRNAs promoting the degradation of mRNAs by binding to the 3’ noncoding region and downregulating the expression of FOSL1 at the mRNA level, whereas lncRNAs, circRNAs and piRNAs indirectly affect the expression of FOSL1 by regulating the expression or activity of miRNAs or other related molecules; at the same time, some ncRNAs can also be regulated by FOSL1 as direct downstream targets.

Some cancer-related ncRNAs are transcribed from cancer-related genes, and their expression and molecular activity are often regulated by genes. Moreover, the expression of these genes can also be regulated by ncRNAs. The abnormal expression of FOSL1 in tumor tissues is often related to oncogenes, and some oncogenes can indirectly affect the expression of specific miRNAs by regulating FOSL1, thus affecting the progression of tumors. In addition, FOSL1 can also change the tumor microenvironment by activating downstream signaling pathways and affect the immune response of the body’s immune system against tumors. There is a mutual regulatory relationship between the above molecules, which together constitute a regulatory network related to FOSL1 in tumors and the tumor microenvironment. This regulatory network includes cancer-related genes, ncRNAs, related transcription factors and regulatory factors, FOSL1 and its downstream pathways, tumor tissues and the tumor microenvironment, which have important impacts on the occurrence and progression of tumors. This network involves multiple molecular pathways, and the mutual regulation of each part involves a variety of molecules and genes. However, the effect of the relationship between FOSL1 and ncRNA on tumors is not completely clear and may become one of the directions of tumor research in the future. Moreover, targeted molecular therapy for tumors is related mainly to the specificity of targeted molecules and the inherent sensitivity of tumor cells and their microenvironment. However, different types of tumors show different sensitivities or tolerances to different molecular treatment methods, which leads to different treatment results. Therefore, identifying the role of the FOSL1-ncRNA axis in tumor activities is very important and requires many laboratory and preclinical studies. Additional relevant ncRNAs in the FOSL1-ncRNA system with diagnostic and therapeutic value are expected to be discovered, and more interaction mechanisms are expected to be revealed.





Author contributions

XiW: Writing – original draft, Formal Analysis. LW: Writing – review & editing, Software, Formal Analysis. SW: Investigation, Writing – review & editing, Funding acquisition. JZ: Writing – review & editing, Data curation, Formal Analysis. XuW: Resources, Methodology, Writing – review & editing. TZ: Data curation, Writing – review & editing, Resources, Formal Analysis. LL: Data curation, Writing – review & editing, Formal Analysis, Resources. JW: Writing – review & editing, Data curation. YZ: Writing – review & editing, Investigation, Visualization. ZZ: Conceptualization, Supervision, Writing – review & editing, Funding acquisition, Visualization, Project administration.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Natural Science Foundation of Shandong Province of China (ZR2020MH250) and the National Natural Science Foundation of China (81502063).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

	 Schiefer AI, Vesely P, Hassler MR, Egger G, Kenner L. The role of AP-1 and epigenetics in ALCL. Front Biosci (Schol Ed). (2015) 7:226–35. doi: 10.2741/s436, PMID: 25961698


	 Angel P, Imagawa M, Chiu R, Stein B, Imbra RJ, Rahmsdorf HJ, et al. Phorbol ester-inducible genes contain a common cis element recognized by a TPA-modulated trans-acting factor. Cell. (1987) 49:729–39. doi: 10.1016/0092-8674(87)90611-8, PMID: 3034432


	 Bhosale PB, Kim HH, Abusaliya A, Vetrivel P, Ha SE, Park MY, et al. Structural and functional properties of activator protein-1 in cancer and inflammation. Evid Based Complement Alternat Med. (2022) 2022:9797929. doi: 10.1155/2022/9797929, PMID: 35664945


	 Liebermann DA, Gregory B, Hoffman B. AP-1 (Fos/Jun) transcription factors in hematopoietic differentiation and apoptosis. Int J Oncol. (1998) 12:685–700. doi: 10.3892/ijo.12.3.685, PMID: 9472112


	 Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr Opin Cell Biol. (1997) 9:240–6. doi: 10.1016/S0955-0674(97)80068-3, PMID: 9069263


	 Fan F, Podar K. The role of AP-1 transcription factors in plasma cell biology and multiple myeloma pathophysiology. Cancers (Basel). (2021) 13:2326. doi: 10.3390/cancers13102326, PMID: 34066181


	 Bergers G, Graninger P, Braselmann S, Wrighton C, Busslinger M. Transcriptional activation of the fra-1 gene by AP-1 is mediated by regulatory sequences in the first intron. Mol Cell Biol. (1995) 15:3748–58. doi: 10.1128/MCB.15.7.3748, PMID: 7791782


	 Cohen DR, Curran T. fra-1: a serum-inducible, cellular immediate-early gene that encodes a fos-related antigen. Mol Cell Biol. (1988) 8:2063–9. doi: 10.1128/mcb.8.5.2063-2069.1988, PMID: 3133553


	 Owens JM, Matsuo K, Nicholson GC, Wagner EF, Chambers TJ. Fra-1 potentiates osteoclastic differentiation in osteoclast-macrophage precursor cell lines. J Cell Physiol. (1999) 179:170–8. doi: 10.1002/(SICI)1097-4652(199905)179:2<170::AID-JCP7>3.0.CO;2-K, PMID: 10199556


	 Cohen DR, Ferreira PC, Gentz R, Franza BR Jr., Curran T. The product of a fos-related gene, fra-1, binds cooperatively to the AP-1 site with Jun: transcription factor AP-1 is comprised of multiple protein complexes. Genes Dev. (1989) 3:173–84. doi: 10.1101/gad.3.2.173, PMID: 2497053


	 Yang D, Xiao C, Long F, Wu W, Huang M, Qu L, et al. Fra-1 plays a critical role in angiotensin II-induced vascular senescence. FASEB J. (2019) 33:7603–14. doi: 10.1096/fj.201801671RRRR, PMID: 30892941


	 Zeng F, He J, Jin X, Liao Q, Chen Z, Peng H, et al. FRA-1: A key factor regulating signal transduction of tumor cells and a potential target molecule for tumor therapy. BioMed Pharmacother. (2022) 150:113037. doi: 10.1016/j.biopha.2022.113037, PMID: 35658206


	 Mattick JS, Makunin IV. Non-coding RNA. Hum Mol Genet. (2006) 15:17–29. doi: 10.1093/hmg/ddl046, PMID: 16651366


	 Yan H, Bu P. Non-coding RNA in cancer. Essays Biochem. (2021) 65:625–39. doi: 10.1042/EBC20200032, PMID: 33860799


	 Slack FJ, Chinnaiyan AM. The role of non-coding RNAs in oncology. Cell. (2019) 179:1033–55. doi: 10.1016/j.cell.2019.10.017, PMID: 31730848


	 Dhillon AS, Tulchinsky E. FRA-1 as a driver of tumor heterogeneity: a nexus between oncogenes and embryonic signaling pathways in cancer. Oncogene. (2015) 34:4421–8. doi: 10.1038/onc.2014.374, PMID: 25381818


	 Manios K, Tsiambas E, Stavrakis I, Stamatelopoulos A, Kavantzas N, Agrogiannis G, et al. c-Fos/ c-Jun transcription factors in non-small cell lung carcinoma. J buon. (2020) 25:2141–3.


	 Jia Y, Yan Q, Zheng Y, Li L, Zhang B, Chang Z, et al. Long non-coding RNA NEAT1 mediated RPRD1B stability facilitates fatty acid metabolism and lymph node metastasis via c-Jun/c-Fos/SREBP1 axis in gastric cancer. J Exp Clin Cancer Res. (2022) 41:287. doi: 10.1186/s13046-022-02449-4, PMID: 36171622


	 Qi M, Sun LA, Zheng LR, Zhang J, Han YL, Wu F, et al. Expression and potential role of FOSB in glioma. Front Mol Neurosci. (2022) 15:972615. doi: 10.3389/fnmol.2022.972615, PMID: 36311014


	 Zhang H, Zhang G, Xiao M, Cui S, Jin C, Yang J, et al. Two-polarized roles of transcription factor FOSB in lung cancer progression and prognosis: dependent on p53 status. J Exp Clin Cancer Res. (2024) 43:237. doi: 10.1186/s13046-024-03161-1, PMID: 39164746


	 Wang Y, Liu M, Liu X, Guo X. LINC00963-FOSB-mediated transcription activation of UBE3C enhances radioresistance of breast cancer cells by inducing ubiquitination-dependent protein degradation of TP73. J Transl Med. (2023) 21:321. doi: 10.1186/s12967-023-04153-z, PMID: 37173692


	 Chen H, Wang L, Liu J, Wan Z, Zhou L, Liao H, et al. LncRNA ITGB2-AS1 promotes cisplatin resistance of non-small cell lung cancer by inhibiting ferroptosis via activating the FOSL2/NAMPT axis. Cancer Biol Ther. (2023) 24:2223377. doi: 10.1080/15384047.2023.2223377, PMID: 37370246


	 Rampioni Vinciguerra GL, Capece M, Distefano R, Nigita G, Vecchione A, Lovat F, et al. Role of the miR-301a/Fra-2/GLIPR1 axis in lung cancer cisplatin resistance. Signal Transduct Target Ther. (2023) 8:37. doi: 10.1038/s41392-022-01228-z, PMID: 36702817


	 Rampioni Vinciguerra GL, Capece M, Reggiani Bonetti L, Nigita G, Calore F, Rentsch S, et al. Nutrient restriction-activated Fra-2 promotes tumor progression via IGF1R in miR-15a downmodulated pancreatic ductal adenocarcinoma. Signal Transduct Target Ther. (2024) 9:31. doi: 10.1038/s41392-024-01740-4, PMID: 38342897


	 Jiang X, Xie H, Dou Y, Yuan J, Zeng D, Xiao S. Expression and function of FRA1 protein in tumors. Mol Biol Rep. (2020) 47:737–52. doi: 10.1007/s11033-019-05123-9, PMID: 31612408


	 Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al. Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J Clin Invest. (2011) 121:2750–67. doi: 10.1172/JCI45014, PMID: 21633166


	 Fougner C, Bergholtz H, Norum JH, Sørlie T. Re-definition of claudin-low as a breast cancer phenotype. Nat Commun. (2020) 11:1787. doi: 10.1038/s41467-020-15574-5, PMID: 32286297


	 Desmet CJ, Gallenne T, Prieur A, Reyal F, Visser NL, Wittner BS, et al. Identification of a pharmacologically tractable Fra-1/ADORA2B axis promoting breast cancer metastasis. Proc Natl Acad Sci U S A. (2013) 110:5139–44. doi: 10.1073/pnas.1222085110, PMID: 23483055


	 Casalino L, Talotta F, Matino I, Verde P. FRA-1 as a regulator of EMT and metastasis in breast cancer. Int J Mol Sci. (2023) 24:8307. doi: 10.3390/ijms24098307, PMID: 37176013


	 Zhang Y, Wang X. Targeting the Wnt/β-catenin signaling pathway in cancer. J Hematol Oncol. (2020) 13:165. doi: 10.1186/s13045-020-00990-3, PMID: 33276800


	 Zhang M, Hoyle RG, Ma Z, Sun B, Cai W, Cai H, et al. FOSL1 promotes metastasis of head and neck squamous cell carcinoma through super-enhancer-driven transcription program. Mol Ther. (2021) 29:2583–600. doi: 10.1016/j.ymthe.2021.03.024, PMID: 33794365


	 Prasetyanti PR, Medema JP. Intra-tumor heterogeneity from a cancer stem cell perspective. Mol Cancer. (2017) 16:41. doi: 10.1186/s12943-017-0600-4, PMID: 28209166


	 Chen Z, Wang S, Li HL, Luo H, Wu X, Lu J, et al. FOSL1 promotes proneural-to-mesenchymal transition of glioblastoma stem cells via UBC9/CYLD/NF-κB axis. Mol Ther. (2022) 30:2568–83. doi: 10.1016/j.ymthe.2021.10.028, PMID: 35351656


	 Marques C, Unterkircher T, Kroon P, Oldrini B, Izzo A, Dramaretska Y, et al. NF1 regulates mesenchymal glioblastoma plasticity and aggressiveness through the AP-1 transcription factor FOSL1. Elife. (2021) 10:e64846. doi: 10.7554/eLife.64846.sa2, PMID: 34399888


	 Mittal V. Epithelial mesenchymal transition in tumor metastasis. Annu Rev Pathol. (2018) 13:395–412. doi: 10.1146/annurev-pathol-020117-043854, PMID: 29414248


	 Ying SY, Chang DC, Lin SL. The microRNA (miRNA): overview of the RNA genes that modulate gene function. Mol Biotechnol. (2008) 38:257–68. doi: 10.1007/s12033-007-9013-8, PMID: 17999201


	 Luo YP, Zhou H, Krueger J, Kaplan C, Liao D, Markowitz D, et al. The role of proto-oncogene Fra-1 in remodeling the tumor microenvironment in support of breast tumor cell invasion and progression. Oncogene. (2010) 29:662–73. doi: 10.1038/onc.2009.308, PMID: 19966854


	 Xu J, Wu KJ, Jia QJ, Ding XF. Roles of miRNA and lncRNA in triple-negative breast cancer. J Zhejiang Univ Sci B. (2020) 21:673–89. doi: 10.1631/jzus.B1900709, PMID: 32893525


	 Xiao S, Zhou Y, Jiang J, Yuan L, Xue M. CD44 affects the expression level of FOS−like antigen 1 in cervical cancer tissues. Mol Med Rep. (2014) 9:1667–74. doi: 10.3892/mmr.2014.2010, PMID: 24604526


	 Good DJ. Non-coding RNAs in human health and diseases. Genes (Basel). (2023) 14:1429. doi: 10.3390/genes14071429, PMID: 37510332


	 Zhang B, Pan X, Cobb GP, Anderson TA. microRNAs as oncogenes and tumor suppressors. Dev Biol. (2007) 302:1–12. doi: 10.1016/j.ydbio.2006.08.028, PMID: 16989803


	 Fridrichova I, Zmetakova I. MicroRNAs contribute to breast cancer invasiveness. Cells. (2019) 8:1361. doi: 10.3390/cells8111361, PMID: 31683635


	 Chen WX, Hu Q, Qiu MT, Zhong SL, Xu JJ, Tang JH, et al. miR-221/222: promising biomarkers for breast cancer. Tumor Biol. (2013) 34:1361–70. doi: 10.1007/s13277-013-0750-y, PMID: 23529451


	 Pan JY, Zhang F, Sun CC, Li SJ, Li G, Gong FY, et al. miR-134: A human cancer suppressor? Mol Ther Nucleic Acids. (2017) 6:140–9. doi: 10.1016/j.omtn.2016.11.003, PMID: 28325280


	 Paraskevopoulou MD, Hatzigeorgiou AG. Analyzing miRNA-lncRNA interactions. Methods Mol Biol. (2016) 1402:271–86. doi: 10.1007/978-1-4939-3378-5_21, PMID: 26721498


	 Xing C, Sun SG, Yue ZQ, Bai F. Role of lncRNA LUCAT1 in cancer. BioMed Pharmacother. (2021) 134:111158. doi: 10.1016/j.biopha.2020.111158, PMID: 33360049


	 Bridges MC, Daulagala AC, Kourtidis A. LNCcation: lncRNA localization and function. J Cell Biol. (2021) 220:e202009045. doi: 10.1083/jcb.202009045, PMID: 33464299


	 Ohshima K, Morii E. Metabolic reprogramming of cancer cells during tumor progression and metastasis. Metabolites. (2021) 11:28. doi: 10.3390/metabo11010028, PMID: 33401771


	 Tan YT, Lin JF, Li T, Li JJ, Xu RH, Ju HQ. LncRNA-mediated posttranslational modifications and reprogramming of energy metabolism in cancer. Cancer Commun (Lond). (2021) 41:109–20. doi: 10.1002/cac2.12108, PMID: 33119215


	 Jiang W, Liu Y, Liu R, Zhang K, Zhang Y. The lncRNA DEANR1 facilitates human endoderm differentiation by activating FOXA2 expression. Cell Rep. (2015) 11:137–48. doi: 10.1016/j.celrep.2015.03.008, PMID: 25843708


	 Kurian L, Aguirre A, Sancho-Martinez I, Benner C, Hishida T, Nguyen TB, et al. Identification of novel long noncoding RNAs underlying vertebrate cardiovascular development. Circulation. (2015) 131:1278–90. doi: 10.1161/CIRCULATIONAHA.114.013303, PMID: 25739401


	 Venkatraman A, He XC, Thorvaldsen JL, Sugimura R, Perry JM, Tao F, et al. Maternal imprinting at the H19-Igf2 locus maintains adult hematopoietic stem cell quiescence. Nature. (2013) 500:345–9. doi: 10.1038/nature12303, PMID: 23863936


	 Li J, Sun D, Pu W, Wang J, Peng Y. Circular RNAs in cancer: biogenesis, function, and clinical significance. Trends Cancer. (2020) 6:319–36. doi: 10.1016/j.trecan.2020.01.012, PMID: 32209446


	 Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular RNA: metabolism, functions and interactions with proteins. Mol Cancer. (2020) 19:172. doi: 10.1186/s12943-020-01286-3, PMID: 33317550


	 Zang J, Lu D, Xu A. The interaction of circRNAs and RNA binding proteins: An important part of circRNA maintenance and function. J Neurosci Res. (2020) 98:87–97. doi: 10.1002/jnr.24356, PMID: 30575990


	 Shen H, Wang W, Ni B, Zou Q, Lu H, Wang Z. Exploring the molecular mechanisms of osteosarcoma by the integrated analysis of mRNAs and miRNA microarrays. Int J Mol Med. (2018) 42:21–30. doi: 10.3892/ijmm.2018.3594, PMID: 29620143


	 Jin Y, Wang C, Liu X, Mu W, Chen Z, Yu D, et al. Molecular characterization of the microRNA-138-Fos-like antigen 1 (FOSL1) regulatory module in squamous cell carcinoma. J Biol Chem. (2011) 286:40104–9. doi: 10.1074/jbc.C111.296707, PMID: 21969367


	 Li R, Che W, Liang N, Deng S, Song Z, Yang L. Silent FOSL1 enhances the radiosensitivity of glioma stem cells by down-regulating miR-27a-5p. Neurochem Res. (2021) 46:3222–46. doi: 10.1007/s11064-021-03427-6, PMID: 34420141


	 De Tomi E, Campagnari R, Orlandi E, Cardile A, Zanrè V, Menegazzi M, et al. Upregulation of miR-34a-5p, miR-20a-3p and miR-29a-3p by Onconase in A375 Melanoma Cells Correlates with the Downregulation of Specific Onco-Proteins. Int J Mol Sci. (2022) 23:1647. doi: 10.3390/ijms23031647, PMID: 35163570


	 Iorio MV, Croce CM. MicroRNAs in cancer: small molecules with a huge impact. J Clin Oncol. (2009) 27:5848–56. doi: 10.1200/JCO.2009.24.0317, PMID: 19884536


	 Stinson S, Lackner MR, Adai AT, Yu N, Kim HJ, O'Brien C, et al. miR-221/222 targeting of trichorhinophalangeal 1 (TRPS1) promotes epithelial-to-mesenchymal transition in breast cancer. Sci Signal. (2011) 4:pt5. doi: 10.1126/scisignal.2001538, PMID: 21673316


	 Wu J, Ji A, Wang X, Zhu Y, Yu Y, Lin Y, et al. MicroRNA-195-5p, a new regulator of Fra-1, suppresses the migration and invasion of prostate cancer cells. J Transl Med. (2015) 13:289. doi: 10.1186/s12967-015-0650-6, PMID: 26337460


	 Adiseshaiah P, Peddakama S, Zhang Q, Kalvakolanu DV, Reddy SP. Mitogen regulated induction of FRA-1 proto-oncogene is controlled by the transcription factors binding to both serum and TPA response elements. Oncogene. (2005) 24:4193–205. doi: 10.1038/sj.onc.1208583, PMID: 15806162


	 Wang C, Liu X, Huang H, Ma H, Cai W, Hou J, et al. Deregulation of Snai2 is associated with metastasis and poor prognosis in tongue squamous cell carcinoma. Int J Cancer. (2012) 130:2249–58. doi: 10.1002/ijc.v130.10, PMID: 21647877


	 Liu X, Wang C, Chen Z, Jin Y, Wang Y, Kolokythas A, et al. MicroRNA-138 suppresses epithelial-mesenchymal transition in squamous cell carcinoma cell lines. Biochem J. (2011) 440:23–31. doi: 10.1042/BJ20111006, PMID: 21770894


	 Zhu H, Chen Z, Yu J, Wu J, Zhuo X, Chen Q, et al. MiR-195-5p suppresses the proliferation, migration, and invasion of gallbladder cancer cells by targeting FOSL1 and regulating the Wnt/β-catenin pathway. Ann Transl Med. (2022) 10:893. doi: 10.21037/atm-22-3685, PMID: 36111048


	 Yu F, Yu C, Li F, Zuo Y, Wang Y, Yao L, et al. Wnt/β-catenin signaling in cancers and targeted therapies. Signal Transduct Target Ther. (2021) 6:307. doi: 10.1038/s41392-021-00701-5, PMID: 34456337


	 Guo ST, Jiang CC, Wang GP, Li YP, Wang CY, Guo XY, et al. MicroRNA-497 targets insulin-like growth factor 1 receptor and has a tumor suppressive role in human colorectal cancer. Oncogene. (2013) 32:1910–20. doi: 10.1038/onc.2012.214, PMID: 22710713


	 Corté H, Manceau G, Blons H, Laurent-Puig P. MicroRNA and colorectal cancer. Dig Liver Dis. (2012) 44:195–200. doi: 10.1016/j.dld.2011.10.010, PMID: 22105087


	 Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee KH, et al. Transactivation of miR-34a by p53 broadly influences gene expression and promotes apoptosis. Mol Cell. (2007) 26:745–52. doi: 10.1016/j.molcel.2007.05.010, PMID: 17540599


	 Wu J, Wu G, Lv L, Ren YF, Zhang XJ, Xue YF, et al. MicroRNA-34a inhibits migration and invasion of colon cancer cells via targeting to Fra-1. Carcinogenesis. (2012) 33:519–28. doi: 10.1093/carcin/bgr304, PMID: 22198213


	 Sabit H, Cevik E, Tombuloglu H, Abdel-Ghany S, Tombuloglu G, Esteller M. Triple negative breast cancer in the era of miRNA. Crit Rev Oncol Hematol. (2021) 157:103196. doi: 10.1016/j.critrevonc.2020.103196, PMID: 33307198


	 Chen X, Zhao M, Huang J, Li Y, Wang S, Harrington CA, et al. microRNA-130a suppresses breast cancer cell migration and invasion by targeting FOSL1 and upregulating ZO-1. J Cell Biochem. (2018) 119:4945–56. doi: 10.1002/jcb.v119.6, PMID: 29384218


	 Runkle EA, Mu D. Tight junction proteins: from barrier to tumorigenesis. Cancer Lett. (2013) 337:41–8. doi: 10.1016/j.canlet.2013.05.038, PMID: 23743355


	 Xiao Y, Yu D. Tumor microenvironment as a therapeutic target in cancer. Pharmacol Ther. (2021) 221:107753. doi: 10.1016/j.pharmthera.2020.107753, PMID: 33259885


	 Arneth B. Tumor microenvironment. Medicina (Kaunas). (2019) 56:15. doi: 10.3390/medicina56010015, PMID: 31906017


	 Huang X, Cao J, Zu X. Tumor-associated macrophages: An important player in breast cancer progression. Thorac Cancer. (2022) 13:269–76. doi: 10.1111/1759-7714.14268, PMID: 34914196


	 Rolny C, Mazzone M, Tugues S, Laoui D, Johansson I, Coulon C, et al. HRG inhibits tumor growth and metastasis by inducing macrophage polarization and vessel normalization through downregulation of PlGF. Cancer Cell. (2011) 19:31–44. doi: 10.1016/j.ccr.2010.11.009, PMID: 21215706


	 Yang J, Zhang Z, Chen C, Liu Y, Si Q, Chuang TH, et al. MicroRNA-19a-3p inhibits breast cancer progression and metastasis by inducing macrophage polarization through downregulated expression of Fra-1 proto-oncogene. Oncogene. (2014) 33:3014–23. doi: 10.1038/onc.2013.258, PMID: 23831570


	 Diehl S, Rincón M. The two faces of IL-6 on Th1/Th2 differentiation. Mol Immunol. (2002) 39:531–6. doi: 10.1016/S0161-5890(02)00210-9, PMID: 12431386


	 Bremnes RM, Dønnem T, Al-Saad S, Al-Shibli K, Andersen S, Sirera R, et al. The role of tumor stroma in cancer progression and prognosis: emphasis on carcinoma-associated fibroblasts and non-small cell lung cancer. J Thorac Oncol. (2011) 6:209–17. doi: 10.1097/JTO.0b013e3181f8a1bd, PMID: 21107292


	 Richards KE, Zeleniak AE, Fishel ML, Wu J, Littlepage LE, Hill R. Cancer-associated fibroblast exosomes regulate survival and proliferation of pancreatic cancer cells. Oncogene. (2017) 36:1770–8. doi: 10.1038/onc.2016.353, PMID: 27669441


	 Donnarumma E, Fiore D, Nappa M, Roscigno G, Adamo A, Iaboni M, et al. Cancer-associated fibroblasts release exosomal microRNAs that dictate an aggressive phenotype in breast cancer. Oncotarget. (2017) 8:19592–608. doi: 10.18632/oncotarget.14752, PMID: 28121625


	 Qin X, Guo H, Wang X, Zhu X, Yan M, Wang X, et al. Exosomal miR-196a derived from cancer-associated fibroblasts confers cisplatin resistance in head and neck cancer through targeting CDKN1B and ING5. Genome Biol. (2019) 20:12. doi: 10.1186/s13059-018-1604-0, PMID: 30642385


	 Lee TH, Chennakrishnaiah S, Audemard E, Montermini L, Meehan B, Rak J. Oncogenic ras-driven cancer cell vesiculation leads to emission of double-stranded DNA capable of interacting with target cells. Biochem Biophys Res Commun. (2014) 451:295–301. doi: 10.1016/j.bbrc.2014.07.109, PMID: 25086355


	 Kim JE, Kim BG, Jang Y, Kang S, Lee JH, Cho NH. The stromal loss of miR-4516 promotes the FOSL1-dependent proliferation and Malignancy of triple negative breast cancer. Cancer Lett. (2020) 469:256–65. doi: 10.1016/j.canlet.2019.10.039, PMID: 31672492


	 Lee I, Kalota A, Gewirtz AM, Shogen K. Antitumor efficacy of the cytotoxic RNase, ranpirnase, on A549 human lung cancer xenografts of nude mice. Anticancer Res. (2007) 27:299–307., PMID: 17352247


	 Shin S, Dimitri CA, Yoon SO, Dowdle W, Blenis J. ERK2 but not ERK1 induces epithelial-to-mesenchymal transformation via DEF motif-dependent signaling events. Mol Cell. (2010) 38:114–27. doi: 10.1016/j.molcel.2010.02.020, PMID: 20385094


	 Stinson S, Lackner MR, Adai AT, Yu N, Kim HJ, O'Brien C, et al. TRPS1 targeting by miR-221/222 promotes the epithelial-to-mesenchymal transition in breast cancer. Sci Signal. (2011) 4:ra41. doi: 10.1126/scisignal.2001538, PMID: 21673316


	 Casalino L, Talotta F, Cimmino A, Verde P. The fra-1/AP-1 oncoprotein: from the "Undruggable" Transcription factor to therapeutic targeting. Cancers (Basel). (2022) 14:1480. doi: 10.3390/cancers14061480, PMID: 35326630


	 Wu J, Sun Y, Zhang PY, Qian M, Zhang H, Chen X, et al. The Fra-1-miR-134-SDS22 feedback loop amplifies ERK/JNK signaling and reduces chemosensitivity in ovarian cancer cells. Cell Death Dis. (2016) 7:e2384. doi: 10.1038/cddis.2016.289, PMID: 27685628


	 Wang Z, Ma B, Li H, Xiao X, Zhou W, Liu F, et al. Protein 4.1N acts as a potential tumor suppressor linking PP1 to JNK-c-Jun pathway regulation in NSCLC. Oncotarget. (2016) 7:509–23. doi: 10.18632/oncotarget.6312, PMID: 26575790


	 Dinischiotu A, Beullens M, Stalmans W, Bollen M. Identification of sds22 as an inhibitory subunit of protein phosphatase-1 in rat liver nuclei. FEBS Lett. (1997) 402:141–4. doi: 10.1016/S0014-5793(96)01514-1, PMID: 9037183


	 Turinetto V, Giachino C. Multiple facets of histone variant H2AX: a DNA double-strand-break marker with several biological functions. Nucleic Acids Res. (2015) 43:2489–98. doi: 10.1093/nar/gkv061, PMID: 25712102


	 Revet I, Feeney L, Bruguera S, Wilson W, Dong TK, Oh DH, et al. Functional relevance of the histone gammaH2Ax in the response to DNA damaging agents. Proc Natl Acad Sci U S A. (2011) 108:8663–7. doi: 10.1073/pnas.1105866108, PMID: 21555580


	 Yan Y, Fan Q, Wang L, Zhou Y, Li J, Zhou K. LncRNA Snhg1, a non-degradable sponge for miR-338, promotes expression of proto-oncogene CST3 in primary esophageal cancer cells. Oncotarget. (2017) 8:35750–60. doi: 10.18632/oncotarget.16189, PMID: 28423738


	 Li Z, Wu X, Gu L, Shen Q, Luo W, Deng C, et al. Long non-coding RNA ATB promotes Malignancy of esophageal squamous cell carcinoma by regulating miR-200b/Kindlin-2 axis. Cell Death Dis. (2017) 8:e2888. doi: 10.1038/cddis.2017.245, PMID: 28640252


	 Li M, Gou H, Tripathi BK, Huang J, Jiang S, Dubois W, et al. An apela RNA-containing negative feedback loop regulates p53-mediated apoptosis in embryonic stem cells. Cell Stem Cell. (2015) 16:669–83. doi: 10.1016/j.stem.2015.04.002, PMID: 25936916


	 Chu C, Zhang QC, da Rocha ST, Flynn RA, Bharadwaj M, Calabrese JM, et al. Systematic discovery of Xist RNA binding proteins. Cell. (2015) 161:404–16. doi: 10.1016/j.cell.2015.03.025, PMID: 25843628


	 Shen S, Li K, Liu Y, Liu X, Liu B, Ba Y, et al. Silencing lncRNA AGAP2-AS1 Upregulates miR-195-5p to Repress Migration and Invasion of EC Cells via the Decrease of FOSL1 Expression. Mol Ther Nucleic Acids. (2020) 20:331–44. doi: 10.1016/j.omtn.2019.12.036, PMID: 32199129


	 Price RL, Bhan A, Mandal SS. HOTAIR beyond repression: In protein degradation, inflammation, DNA damage response, and cell signaling. DNA Repair (Amst). (2021) 105:103141. doi: 10.1016/j.dnarep.2021.103141, PMID: 34183273


	 Pastori C, Kapranov P, Penas C, Peschansky V, Volmar CH, Sarkaria JN, et al. The Bromodomain protein BRD4 controls HOTAIR, a long noncoding RNA essential for glioblastoma proliferation. Proc Natl Acad Sci U S A. (2015) 112:8326–31. doi: 10.1073/pnas.1424220112, PMID: 26111795


	 Peng CL, Zhao XJ, Wei CC, Wu JW. LncRNA HOTAIR promotes colon cancer development by down-regulating miRNA-34a. Eur Rev Med Pharmacol Sci. (2019) 23:5752–61. doi: 10.26355/eurrev_201907_18312, PMID: 31298326


	 Zhao W, An Y, Liang Y, Xie XW. Role of HOTAIR long noncoding RNA in metastatic progression of lung cancer. Eur Rev Med Pharmacol Sci. (2014) 18:1930–6.


	 Guo S, King P, Liang E, Guo AA, Liu M. LncRNA HOTAIR sponges miR-301a-3p to promote glioblastoma proliferation and invasion through upregulating FOSL1. Cell Signal. (2022) 94:110306. doi: 10.1016/j.cellsig.2022.110306, PMID: 35292358


	 Yee NS. Role of TRPM7 in cancer: potential as molecular biomarker and therapeutic target. Pharm (Basel). (2017) 10:39. doi: 10.3390/ph10020039, PMID: 28379203


	 Peng K, Xia RP, Zhao F, Xiao Y, Ma TD, Li M, et al. ALKBH5 promotes the progression of infantile hemangioma through regulating the NEAT1/miR-378b/FOSL1 axis. Mol Cell Biochem. (2022) 477:1527–40. doi: 10.1007/s11010-022-04388-2, PMID: 35182329


	 Guo T, Liu DF, Peng SH, Xu AM. ALKBH5 promotes colon cancer progression by decreasing methylation of the lncRNA NEAT1. Am J Transl Res. (2020) 12:4542–9., PMID: 32913527


	 Landfors M, Nakken S, Fusser M, Dahl JA, Klungland A, Fedorcsak P. Sequencing of FTO and ALKBH5 in men undergoing infertility work-up identifies an infertility-associated variant and two missense mutations. Fertil Steril. (2016) 105:1170–9.e5. doi: 10.1016/j.fertnstert.2016.01.002, PMID: 26820768


	 He SW, Xu C, Li YQ, Li YQ, Zhao Y, Zhang PP, et al. AR-induced long non-coding RNA LINC01503 facilitates proliferation and metastasis via the SFPQ-FOSL1 axis in nasopharyngeal carcinoma. Oncogene. (2020) 39:5616–32. doi: 10.1038/s41388-020-01388-8, PMID: 32661324


	 Zhou Z, Liu Q, Zhang G, Mohammed D, Amadou S, Tan G, et al. HOXA11-AS1 promotes PD-L1-mediated immune escape and metastasis of hypopharyngeal carcinoma by facilitating PTBP1 and FOSL1 association. Cancers (Basel). (2022) 14:3694. doi: 10.3390/cancers14153694, PMID: 35954358


	 Topalian SL, Drake CG, Pardoll DM. Targeting the PD-1/B7-H1(PD-L1) pathway to activate anti-tumor immunity. Curr Opin Immunol. (2012) 24:207–12. doi: 10.1016/j.coi.2011.12.009, PMID: 22236695


	 Huan L, Guo T, Wu Y, Xu L, Huang S, Xu Y, et al. Hypoxia induced LUCAT1/PTBP1 axis modulates cancer cell viability and chemotherapy response. Mol Cancer. (2020) 19:11. doi: 10.1186/s12943-019-1122-z, PMID: 31964396


	 Knoch KP, Bergert H, Borgonovo B, Saeger HD, Altkrüger A, Verkade P, et al. Polypyrimidine tract-binding protein promotes insulin secretory granule biogenesis. Nat Cell Biol. (2004) 6:207–14. doi: 10.1038/ncb1099, PMID: 15039777


	 Zhang H, Shen Y, Li Z, Ruan Y, Li T, Xiao B, et al. The biogenesis and biological functions of circular RNAs and their molecular diagnostic values in cancers. J Clin Lab Anal. (2020) 34:e23049. doi: 10.1002/jcla.23049, PMID: 31556152


	 Kristensen LS, Hansen TB, Venø MT, Kjems J. Circular RNAs in cancer: opportunities and challenges in the field. Oncogene. (2018) 37:555–65. doi: 10.1038/onc.2017.361, PMID: 28991235


	 Chen CY, Sarnow P. Initiation of protein synthesis by the eukaryotic translational apparatus on circular RNAs. Science. (1995) 268:415–7. doi: 10.1126/science.7536344, PMID: 7536344


	 Perriman R, Ares M Jr. Circular mRNA can direct translation of extremely long repeating-sequence proteins in vivo. Rna. (1998) 4:1047–54. doi: 10.1017/S135583829898061X, PMID: 9740124


	 Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing YH, et al. Circular intronic long noncoding RNAs. Mol Cell. (2013) 51:792–806. doi: 10.1016/j.molcel.2013.08.017, PMID: 24035497


	 He W, Zhou X, Mao Y, Wu Y, Tang X, Yan S, et al. CircCRIM1 promotes nasopharyngeal carcinoma progression via the miR-34c-5p/FOSL1 axis. Eur J Med Res. (2022) 27:59. doi: 10.1186/s40001-022-00667-2, PMID: 35484574


	 Girard A, Sachidanandam R, Hannon GJ, Carmell MA. A germline-specific class of small RNAs binds mammalian Piwi proteins. Nature. (2006) 442:199–202. doi: 10.1038/nature04917, PMID: 16751776


	 Qian L, Xie H, Zhang L, Zhao Q, Lü J, Yu Z. Piwi-interacting RNAs: A new class of regulator in human breast cancer. Front Oncol. (2021) 11:695077. doi: 10.3389/fonc.2021.695077, PMID: 34295823


	 Cao J, Liu X, Yang Y, Wei B, Li Q, Mao G, et al. Decylubiquinone suppresses breast cancer growth and metastasis by inhibiting angiogenesis via the ROS/p53/ BAI1 signaling pathway. Angiogenesis. (2020) 23:325–38. doi: 10.1007/s10456-020-09707-z, PMID: 32020421


	 Zhao Q, Qian L, Guo Y, Lü J, Li D, Xie H, et al. IL11 signaling mediates piR-2158 suppression of cell stemness and angiogenesis in breast cancer. Theranostics. (2023) 13:2337–49. doi: 10.7150/thno.82538, PMID: 37153732


	 Sabzevary-Ghahfarokhi M, Shohan M, Shirzad H, Rahimian G, Bagheri N, Soltani A, et al. The expression analysis of Fra-1 gene and IL-11 protein in Iranian patients with ulcerative colitis. BMC Immunol. (2018) 19:17. doi: 10.1186/s12865-018-0257-9, PMID: 29914371


	 Moon EJ, Mello SS, Li CG, Chi JT, Thakkar K, Kirkland JG, et al. The HIF target MAFF promotes tumor invasion and metastasis through IL11 and STAT3 signaling. Nat Commun. (2021) 12:4308. doi: 10.1038/s41467-021-24631-6, PMID: 34262028


	 Anastasiadou E, Jacob LS, Slack FJ. Non-coding RNA networks in cancer. Nat Rev Cancer. (2018) 18:5–18. doi: 10.1038/nrc.2017.99, PMID: 29170536


	 Menon A, Abd-Aziz N, Khalid K, Poh CL, Naidu R. miRNA: A promising therapeutic target in cancer. Int J Mol Sci. (2022) 23:11502. doi: 10.3390/ijms231911502, PMID: 36232799


	 Talotta F, Casalino L, Verde P. The nuclear oncoprotein Fra-1: a transcription factor knocking on therapeutic applications' door. Oncogene. (2020) 39:4491–506. doi: 10.1038/s41388-020-1306-4, PMID: 32385348








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 © 2025 Wang, Wang, Wang, Zhang, Wang, Zhang, Li, Wei, Zhao and Zhou.. 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.





Glossary

ALKBH5: Alkyl repair homologous protein 5

AP-1: Activator protein

ATF: Activating transcription factor

bZIP: Basic leucine zipper

CAF: Cancer-related fibroblast

ceRNA: Competitive endogenous RNA

circRNA: Circular RNA

CRISPR: Clustered regularly interspaced short palindromic repeats

Cas9: CRISPR-associated nuclease 9

CSCs: Tumor stem cells

DCDK4: Cyclin-dependent kinase 4

EMT: Epithelial–mesenchymal transition

EMT-TFs: Transcription factors related to EMT

Fra-1: Fos-related antigen 1

IL-6/11: Interleukin-6/11

JAK: Janus kinase

lncRNA: Long noncoding RNA

MAF: Muscle aponeurotic fibrosarcoma

MES: Mesenchymal

miRNA: MicroRNA

MMP-1/9: Matrix metalloproteinase 1/9

ncRNAs: noncoding RNAs

NF1: Type 1 gene

ONC: Onconase

PD-L1: Programmed death ligand 1

PI3K: Phosphatidylinositol 3-kinase

piRNA: Piwi-interacting RNA

PTBP1: Polypyrimidine tract-binding protein 1

ERK: Extracellular signal-regulated kinase

MAPK: Mitogen activated protein kinase

RB: Retinoblastoma protein

RBPs: RNA-binding proteins

SDS22: Suppressor-of-Dis2-number 2

SEs: Super enhancers

SFPQ: Splicing factor proline/glutamine-rich

STAT: Activator of transcription

Stat3: Signal transducer and activator of transcription 3

TME: Tumor microenvironment

TPA: Tissue plasminogen activator

TREs: TPA response elements

TRPM7: Transient receptor potential melastatin 7

TRPS1: Trichorhinophalangeal syndrome type 1

ZEB1/2: Zinc finger E-box binding homeobox 1/2

ZO-1: Zona occludens 1.
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