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Editorial on the Research Topic 
Combating cancer with natural products: Non-coding RNA and RNA modification


Cancer is a type of tumor with the ability of malignant proliferation, whereby cancer cells survive and multiply gradually out of the body’s control. The hallmarks of cancer have been clearly and comprehensively summarized by the Hanahan study group. The hallmarks of cancer have been described as sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing/accessing vasculature, activating invasion and metastasis, reprogramming cellular metabolism, avoiding immune destruction, deregulating cellular metabolism and avoiding immune destruction (Hanahan, 2022). Meanwhile, Hanahan (2022) notes that unravelling phenotypic plasticity, non-mutational epigenetic reprogramming, polymorphic microbiomes and senescent cells are likely to be incorporated into the cancer conceptualization of hallmarks. On this basis, the researchers have further revealed that cancer epigenetics, genomic instability and mutations play an important role in the acquisition of cancer hallmarks by cells (Ravi et al., 2022; Zhang et al., 2022).
The emergence of the concept of cancer epigenetics has inspired a wide range of researchers to conduct more in-depth research into cancer mechanisms and cancer treatments. It is generally assumed that epigenetic abnormalities are caused by interactions between multiple protein complexes and their components, such as histone modifications, DNA methylation mechanisms, chromatin remodeling proteins and polycomb (PcG) proteins (Tsai and Baylin, 2011). Eighty per cent of human genome transcripts are non-coding RNAs (ncRNAs) that can regulate gene expression to modulate cancer progression, stemness, migration, and metastasis. According to the localization, length and function, ncRNAs can be classified into several types: rRNA, tRNA, snRNA, snoRNA, siRNA, piRNA, microRNA, lncRNA, and circRNA. Among them, microRNA, lncRNA, and circRNA play a critical role in tumorigenesis and cancer therapy. Alternative splicing defects are often found in cancer metastasis, invasion and the generation of drug resistance.
The crosstalk among lncRNA, microRNA, and circRNA has become a critical regulatory mechanism in tumorigenesis and cancer progression. Long non-coding RNAs are RNA molecules with transcriptional lengths longer than 200 nt and lacking protein-coding capabilities, which regulate gene expression by interacting with DNA, RNA and proteins (Xing et al., 2021). Epigenetic and non-coding RNA abnormalities can lead to uncontrolled gene expression, including epigenetic silencing of tumor suppressor microRNAs, epigenetic aberrations caused by microRNAs, epigenetic activation of oncogenic microRNAs and abnormalities in natural compounds that regulate microRNA expression by epigenetic mechanisms (Farooqi et al., 2019). CircRNA is an endogenous RNA with a covalent closed loop that plays an important part in the epigenetic regulation of transcriptional and post-transcriptional genes, and its dysregulation is associated with tumorigenesis and metastasis (Huang and Zhu, 2021). As research intensified, lncRNA/circRNA has been described as a sponge for microRNA in the competitive endogenous RNA (ceRNA) regulatory model, which proceeds to regulate the downstream target genes of microRNA (Han et al., 2020). In a ceRNA regulatory network research on circRNA-lncRNA-miRNA-mRNA of Acute myeloid leukemia, it was demonstrated that circRNA and lncRNA participate in the complex post-transcriptional regulation of the ceRNA network (Cheng et al., 2020). The lncRNAs, circRNAs, microRNAs and snRNAs among ncRNAs have been shown to affect cancer progression through the alternative splicing process, thereby regulating the alternative splicing process and generating alternatively spliced isoforms (Liu et al., 2021). Therefore, investigation into the transcriptional regulatory functions of non-coding RNAs is likely to contribute to finding appropriate strategy for cancer therapy.
Natural products have been used in cancer treatment for a long time and some recent mechanistic studies have attracted much attention (Xiang et al., 2019). The research on natural products to combat tumors is abundant, and their functions in regulating the tumor microenvironment and activating the body’s immune response to kill cancer cells have been proven in various aspects. Natural medicines have vital regulatory functions at the genetic, epigenetic and signalling pathway transductions (Xiang et al., 2019; Huang et al., 2021; Zhang et al., 2022). The PI3K-Akt-mTOR pathway is one of the critical signaling pathways that may be targeted to inhibt cancer progression; afrocyclamin A, oridonin, salidroside, vitexin, arctigenin, cryptotanshinone, apigenin, and curcumin, are proposed to interfere with this pathway (Tewari et al., 2022). Natural products play a significant part in modulating the immune response against cancer. For example, saponins and flavonoids are two major groups of natural products that have shown excellent efficacy in reversing the tumor immunosuppressive microenvironment in conjunction with cancer immunotherapy (Tewari et al., 2022). Natural products have been shown to selectively trigger an effective host immune reaction against cancer cells, which strongly supports the strategy of turning “cold” tumors into “hot” ones to increase the efficiency of immune checkpoint inhibitor responses for cancer therapy (Atanasov et al., 2021). Natural products such as curcumin, resveratrol, apigenin, quercetin, berberine, genistein, epigallocatechin gallate, and parthenolide play a part in regulating epigenetic abnormalities (Huang et al., 2018; Xiang et al., 2019; Li et al., 2022; Zhang et al., 2022). Increasingly clear knowledge of the epigenetic mechanisms in cancer development has led to a search for more accurate and efficient anticancer agents.
Through continuous attempts to dismantle the threat of epigenetic abnormalities from environmental and dietary factors using natural products, many viable therapeutic options are available for cancer prevention and anti-cancer drug development (Figure 1). However, even though some natural products are currently undergoing clinical evaluation for cancer treatment, a large proportion of natural products are far from being used in a clinical setting. As previously mentioned, ncRNAs and RNA modifications are critically important in cancer development and therapy. Targeting these actors may actually contribute to the anti-tumor effects of natural products through inhibition of proliferation, invasion and metastasis (Homayoonfal et al., 2021). In addition, natural products such as paclitaxel, curcumin, resveratrol and genistein exert their antiproliferative and/or proapoptotic effects by modulating one or more miRNAs, thereby inhibiting cancer cell growth, inducing apoptosis and enhancing the effects of conventional cancer therapy (Xiang et al., 2019; Zhang et al., 2020). Therefore, the prospect of using the regulatory function of natural products on ncRNA to treat cancer is quite encouraging.
[image: Figure 1]FIGURE 1 | ncRNAs and RNA modifications underlying natural products-based cancer treatment.
Numerous investigations have confirmed that RNA modification has emerged as a primary mechanism in controlling cell transcriptome and proteome during cancer development (Xiang et al., 2019; Zhang et al., 2022). More than one hundred RNA modifications, including mRNA cap modifications, N6-methyladenosine (m6A), and RNA editing. Among them, m6A modification is the most abundant RNA modification and exerts function in various biological processes in eukaryotes. Increasing evidence has confirmed that m6A modification could regulate the expression and function of ncRNAs, subsequently modulating the consequence of tumorigenesis and cancer therapy. The m6A modification is closely associated with cancer metastasis, stemness, drug resistance and microenvironment remodeling. Previously, investigators have suggested that m6A modification is likely to be one of the upstream regulatory mechanisms for lncRNAs differentially expressed in tumors. However, the clinical application of natural products that target RNA modifications for cancer treatment is rare, and research related to the regulation of m6A modifications by natural products is also infrequent. In a natural product screening study of m6A modulators, it was noted that using artificial intelligence-assisted technology combined with database analysis of traditional drugs and natural products holds promise for the development of more effective m6A modification-mediated therapeutic agents to inhibit tumor progression (Deng et al., 2022). The mechanism linking natural drugs and RNA modification should be thoroughly explored by taking full advantage of artificial intelligence, gene editing, RNA interference and other technologies in the future studies. Screening safe and efficient natural drugs as RNA modification modulators will bring new hope for cancer clinical treatment.
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The dysregulation of transfer RNA (tRNA) expression contributes to the diversity of proteomics, heterogeneity of cell populations, and instability of the genome, which may be related to human cancer susceptibility. However, the relationship between tRNA dysregulation and cancer susceptibility remains elusive because the landscape of cancer-associated tRNAs has not been portrayed yet. Furthermore, the molecular mechanisms of tRNAs involved in tumorigenesis and cancer progression have not been systematically understood. In this review, we detail current knowledge of cancer-related tRNAs and comprehensively summarize the basic characteristics and functions of these tRNAs, with a special focus on their role and involvement in human cancer. This review bridges the gap between tRNAs and cancer and broadens our understanding of their relationship, thus providing new insights and strategies to improve the potential clinical applications of tRNAs for cancer diagnosis and therapy.
Keywords: transfer RNA, human cancer, biomarker, tumorigenesis, therapy
INTRODUCTION
Cancer is one of the most complex diseases caused by multiple genetic disorders and cellular abnormalities. Its development and progression are regulated by multiple pathological processes (Bhawe and Roy, 2018), including environmental (Pan et al., 2018; Lewandowska et al., 2019), gender (Jara-Palomares et al., 2018), cultural (Tejeda et al., 2017; Lee, 2018), and lifestyle factors (Kerr et al., 2017; Jara-Palomares et al., 2018), as well as genetic mutations (Pak et al., 2015; Tejeda et al., 2017; Liew et al., 2019), epigenetic changes (Zhang and Huang, 2017; Porcellini et al., 2018; Liew et al., 2019), and abnormal signal transduction (Farooqi et al., 2018). Tremendous efforts have been made over the past decades with the aim of searching novel and more efficient tools in cancer therapy (Winn et al., 2016). However, cancer incidence and mortality remain high. Therefore, there is an urgent need to develop new strategies for early identification and more accurate diagnosis of cancer biomarkers for disease.
Recent studies on tRNAs have revealed the unexpected complexity of their structure and function (Schwartz et al., 2018). Besides participating in transcription and translation, tRNAs are also involved adaptive protein synthesis and can function as non-coding RNAs involving multiple regulatory networks (Schimmel, 2018). Moreover, some small RNAs previously thought as miRNAs were actually tRNA-derived small RNA (tsRNAs). Compared with miRNAs, tRNAs, tsRNAs, and tRNA-derived fragments (tRFs) are more stable and richer in biological fluids in solid cancers and blood malignant tumors (Zhang et al., 2009; Li et al., 2012). High expression of plasma exosome tRNAs in patients with lung cancer (Balatti et al., 2017), chronic lymphocytic leukemia (Veneziano et al., 2019), and liver cancer (Zhu et al., 2019) indicate that plasma exosome tRNAs may be involved in cancer development. These findings provide evidence that tRNAs and their derivatives may be potential diagnostic and therapeutic molecular biomarkers of cancer (Schageman et al., 2013; Dhahbi et al., 2014). In addition, mutation of the tRNA itself as well as supplementary proteins produced and modified by tRNA physiologically, are associated with cancer (Suzuki et al., 2011; Yao and Fox, 2013; Blanco and Frye, 2014). However, the exact molecular mechanisms by which tRNAs and tsRNAs are involved in cancer are unclear.
Moreover, in some cancers, the dysregulation of tRNAs can trigger the progression and proliferation of cancer cells by regulating transcription, translation, ribosome biogenesis and functioning as novel epigenetic factors. Although tRNAs and tsRNAs have been receiving increasing research attention, to date, there is no comprehensive summary of these findings, which would greatly be beneficial to future studies exploring tRNAs.
Herein, we detailed the current literature on tRNAs related to cancer. We comprehensively summarize the basic characteristics and functions of tRNAs, focusing on their involvement in various human cancers, particularly breast cancer, lung cancer, and melanoma. This review closes the gap between tRNAs and cancers and deepens our understanding of them, thereby providing new insights and strategies to guide researchers in further exploring the potential clinical applications of tRNAs in cancer diagnosis and treatment.
STRUCTURE AND BIOGENESIS OF TRNAS AND THEIR DERIVATIVES
tRNAs are fundamental biological molecules that complete the flow of genetic information from DNA to protein by reading the cognate codons in the mRNA (Kirchner and Ignatova, 2015). Mature tRNAs in human cells are derived from precursor tRNAs (pre-tRNAs) containing 5′ leader and 3′ trailer sequences and introns in the anticodon loop (Phizicky and Hopper, 2010; Raina and Ibba, 2014). Mechanistically, pre-tRNAs are processed co- and post-transcriptionally to acquire their mature 5′ and 3′ ends, modified nucleosides, and the cloverleaf secondary structure, which contains four domains organized in unpaired and paired regions namely, acceptor arm, D arm, anticodon arm, and TΨC arm.
Upon maturation, tRNAs obtains the L-shaped tertiary structure (Kim et al., 1974; Stout et al., 1976; Moras et al., 1980) by means of base build-up and non-Watson-Crick base pairing between the receptor and TΨC arms, and with the D arm and the anti-coding arm (Madison et al., 1966) at the other end (Madison et al., 1966) (Figure 1). This structure allows tRNA to enter the ribosome and convert genetic information into polypeptides. During the translation process, mature tRNAs bind to adenosine covalently at the tail of the unchanging 3′CCA, acting as a connection and can be catalyzed by 20 different aminoacyl-tRNA synthases (Phizicky and Hopper, 2010). Generally, mature tRNAs are highly modified by tRNA-modifying enzymes, which play a vital role in obtaining 3D L-shaped structures and stability, translation start and extension factors, aminoacyl-tRNA synthases and ribosomes, and decoding efficiency and fidelity. Mature tRNAs add amino acids to the two-step reaction through aminoacyl-tRNA synthases, which are activated by ATP to form amino amp, and then add end adenosine to the tRNAs 3′ end (Figure 1). Then, the tRNAs charged with the amino acid interact with the enzyme machinery of the ribosome to decode mRNAs into proteins during translation (Figure 1). Meanwhile, tsRNAs are is a class of non-coding small RNAs produced by mature tRNAs or pre-tRNAs at different sites that are widely present in prokaryotic and eukaryotic transcriptomes, and produced by mature tRNAs or pre-tRNAs at different sites. tsRNAs refers to specific nucleic acid enzymes such as Dicer and angiogenin, especially cells or specific cleavage of tRNAs under certain conditions, such as stress and hypoxia (Levitz et al., 1990; Thompson and Parker, 2009). There are two main types of tsRNAs: tRFs (Keam and Hutvagner, 2015) and the tRNA-derived, stress-induced RNAs (tiRNAs) (Saikia and Hatzoglou, 2015; Shigematsu and Kirino, 2017). tRFs are 14–30 nucleotides (nts) long, and tRFs can be further divided into four categories, namely tRF-5s, tRF-1s, i-tRF, and tRF-3s, depending on their position on tRNAs. tRF-5s come from the 5′ end of mature tRNAs without D-loop and have three subclasses: 1) tRF-5a about 14–16 bases, a cutting site before the D ring; 2) tRF-5b, containing 22–24 bases and cleavage site behind the D ring; and 3) tRF-5c, about 28–30 bases long, has cleavage site before the anticodon ring (Kumar et al., 2014). tRF-3s are rooted in the 3′ end of mature tRNAs and include a CCA parting without the L-loop. They are divided into two subclasses according to size. tRF-3a usually has a cleavage site before the T-ring, while the tRF-3 cleavage site is in the T-ring, and the tRF-3a is usually made up of 18 bases, while the tRF-3 is 22 bases (Kumar et al., 2016). tRF-1s, the third category, is produced at the 3′ end of the pre-tRNAs, and their 5′ ends begin just after the 3′ end of the mature tRNA sequence. Finally i-tRF comes mainly from the middle region of mature tRNAs (Lee et al., 2009).
[image: Figure 1]FIGURE 1 | Structure and pre-transcriptional changes in tRNAs. (A) Precursor tRNAs forms mature tRNAs; (B) Aminoacyl-tRNA synthetase binds amino acids to its corresponding tRNAs by consuming energy; (C) tRNAs and ribosomes are involved in the translation process; (D) The process by which precursor tRNAs and mature tRNAs form four tsRNAs.
tiRNAs (31–40 nts in length) are formed by cleaving the tRNA anticodon loop affected by sex hormones and their receptors (Rashad et al., 2020), and have two types: tiRNA-5s and tiRNA-3s (Anderson and Ivanov, 2014; Saikia and Hatzoglou, 2015). Angiogenin, the nuclease responsible for tiRNA formation, generally in the nucleus of cells but under certain conditions can enter the cytoplasm, belonging to the RNase A superfamily (Fu et al., 2009; Li and Hu, 2012). In response to stress, angiogenin is isolated by RNH1 (an angiogenin inhibitor), enters the cytoplasm from the nucleus, and cleaves tRNAs into tiRNA-5s and tiRNA-3s in the cytoplasm (Li and Hu, 2012) (Figure 1).
BIOLOGICAL ROLES AND FUNCTIONS OF TRNAS AND THEIR DERIVATIVES
The functions of tsRNAs in different pathways, such as increasing mRNA stability (Saikia and Hatzoglou, 2015; Shigematsu and Kirino, 2017), repressing translation (Kumar et al., 2014; Kumar et al., 2016), regulating ribosome biogenesis (Lee et al., 2009), functioning as novel epigenetic factors (Rashad et al., 2020), promoting RNA reverse transcription (Anderson and Ivanov, 2014), functioning as immune signaling factors (Fu et al., 2009), have recently emerged.
Regulation of mRNA Stability
As miRNAs, tRFs can reduce mRNA stability by mediating target gene deacetylation, thereby promoting mRNA degradation and instability. tRFs prioritizes the inhibition of ribosome proteins and translational initiation or elongation factors of mRNA translation through antisense pairing in Drosophila melanogaster (Karaiskos et al., 2015; Babiarz et al., 2008; Eichhorn et al., 2014). In human cells, The GW182 protein inhibits translation and promotes the degradation of target mRNAs, and the tRF-3 target mRNA pairs in the RNA-induced silencing complex associate with GW182 proteins, which means that tRFs can affect the function of RNA-induced silencing complex by regulating the stability of mRNA (Kuscu et al., 2018; Ren et al., 2019). Furthermore, in mature B lymphocytes, tRF-3s derived from tRNAGly-GCC (referred as CU1276) possess miRNA-like structure and function, thereby repressing mRNA transcripts by destabilizing mRNA, and can inhibit protein translation and the cleavage of a partially complementary target site, thereby suppressing proliferation (Shao et al., 2017a). Although some tRFs have similar functions to miRNAs, the formers have been expressed preferentially bind argonaute1, argonaute3, and argonaute4 to promote RNA-induced silencing complex formation and reduce the stability of mRNA, thus inhibiting mRNA translation, rather than binding argonaute2 like miRNA (Kumar et al., 2014; Haussecker et al., 2010) (Figure 2). In addition, tRF-2s blocks the interplay of Y-box binding protein 1 (YBX-1) and YBX-1 mRNAs by competitively binding to YBX-1. This reduces the stability of these mRNAs, which could subsequently reduce the genetic stability of human breast cancer cell metastasis (Goodarzi et al., 2015) (Figure 2). Moreover, some tRF-3s chimeras have been related to histone mRNAs and can thus affect mRNA stability by competing with stem-ring binding proteins in human cells (Kumar et al., 2014) (Figure 2). Although there is an increased understanding of some of the functions of tRFs in regulating mRNA stability, the functions of tiRNAs remain elusive.
[image: Figure 2]FIGURE 2 | Biogenesis of tsRNAs. (A) tsRNAs reduce mRNA stability by binding to a complex such as Ago1/3/4 proteins; (B) tsRNAs can inhibit the translation of mRNA by competitive binding of YB-1 or by self-binding of ribosomes; (C) tsRNAs promote translation by promoting the formation of rRNAs in ribosomes, while participating in ribosome protein formation to facilitate translation processes and inhibit preadipocytes differentiation.
Downregulation of Translation
Some studies have shown that tiRNAs, mainly tiRNA-5s, could decrease translation speed by 10–15% (Yamasaki et al., 2009). For instance, tiRNA-5s from tRNAAla and tRNACys can form a G-quadruplex-like structure that selectively binds to eIF4G/eIF4A in the translation of the starting complex, thereby inhibiting cap-dependent translation of cellular mRNAs rather than traditionally internal ribosome entry site mediated translation (Ivanov et al., 2011; Ivanov et al., 2014). tiRNAs can also selectively repress the housekeeping components’ translation under stress conditions, thereby reducing cell energy consumption without affecting the generation of pro-survival proteins (Li and Hu, 2012). These studies suggest that tiRNAs are produced to regulate the translation process under stress conditions and are not intended to reduce the level of functional maturity tRNAs affecting mRNA function (Ivanov et al., 2011; Ivanov et al., 2014).
In addition, some researches have proved that tRFs plays a positive role in reducing protein translation behavior. For example, tRF-5s is supposedly involved in new mechanisms underlying the regulation of small RNA in human cell by repressing protein translation through conserved residues in tRNAs present in tRF-5s without the need for complementary target sites in mRNA (Sobala and Hutvagner, 2013). tRF-5s derived from tRNAVal-GAC in Haloferax volcanii has been revealed to bind the small ribosomal subunit near the mRNA channel, leading to substitution in the initiation complex and thereby attenuating global translation both in vivo and in vitro (Gebetsberger et al., 2017).
Regulation of Ribosome Biogenesis
tsRNAs have recently emerged as important regulators of ribosome biogenesis. Particularly, in the lower organism Tetrahymena thermophila, tsRNAs are composition of the precursor ribosomal RNA splicing complex (Couvillion et al., 2012). In Drosophila, tsRNAs restrain global translation by impeding ribosome biogenesis. Mechanistically, Drosophila argonaute2-bound tsRNAs preferentially inhibit the mRNA translation of ribosome proteins or translational initiation or elongation factors via an RNA-like pathway, thus attenuating overall translation (Couvillion et al., 2012; Dou et al., 2019). In addition, tRF-3s can recruit exonuclease Xrn2 and Tan1 protein to form compounds by specifically binding to the Twi12 protein, which cleaves and processes precursor ribosomal RNA to enhance ribosomal RNA synthesis in physiological conditions in Tetrahymena (Couvillion et al., 2012). In mammalian cells, tRF-3s from tRNALeu-CAG bind at least two ribosomal protein mRNAs to itself, such as ribosome proteins 28 and ribosome proteins 15, to promote translation (Kim et al., 2017) (Figure 2). However, the mechanism by which tsRNAs regulate ribosomal biogenesis in human remains to be explored.
As Novel Epigenetic Factors
Recent studies have unveiled that tsRNAs may function as epigenetic factors to regulate gene expression. Obese rat model under the control of a high-fat diet, increased levels of tRFGlu-TTC directly targeted the transcription factors from the Kruppel-like factor (KLF) family, such as KLF9, KLF11, and KLF12, which are injected themselves into multiplication, apoptosis, differentiation and progress, and significantly suppressed their target mRNA expression, thus preventing the differentiation of preadipocytes (Shen et al., 2019) (Figure 2). Moreover, tRFGlu-TTC suppressed adipogenesis by inhibiting lipids transcription factors’ expression (Shen et al., 2019). tRF-3s of different lengths can block reverse transcription and post-transcription silence by 18 and 22 nts long respectively, thus silence the long terminal repeat reverse transcription transposer (Schorn et al., 2017). Furthermore, Dicer-like 1 processes tRF-5s and then integrates into argonaute1, which, like miRNA, regulates genomic stability by targeting the transcriptional elements in plant Arabidopsis thaliana (Martinez et al., 2017). Intriguingly, tsRNAs from high-fat diet male sperm injected into normal fertilized eggs of mature mouse sperm caused gene expression changes in the early embryo and triggered islet metabolic pathways independent of DNA methylation in CpG-enriched regions. This proves that tsRNAs may be a paternal epigenetic factor in the intergenerational inheritance of metabolic diseases affected by a mediated diet (Chen et al., 2016).
Upregulation of RNA Reverse Transcription
tsRNAs can also act as an agonist for viral reverse transcription and promote the viral reverse transcription process in various ways. For example, tRF-3s can combine with the primer-binding site of human T cell leukemia virus type 1 RNA to initiate reverse transcription and promote viral synthesis of HIV-infected host cells (Ruggero et al., 2014). Meanwhile, the respiratory syncytial virus infection induces the angiotensincutting2 tRNAs to produce tiRNAs, thus triggering stress response in host cells. respiratory syncytial virus uses host tiRNAs as primers to promote its replication and improve the infection efficiency (Wang et al., 2013; Deng et al., 2015; Zhou et al., 2017).
Moreover, host cellular proteins can regulate retroviral replication by binding to tRNAs, thereby affecting all steps in the viral life cycle. In certain circumstances, aminoacyl-tRNA synthetases bind tRNAs and link them with their corresponding amino acids and cognate aminoacyl-tRNA synthetases to facilitate tRNA primer selection, thus promoting viral reverse transcription (Jin and Musier-Forsyth, 2019).
Immune Regulation
Studies have also revealed the potential role of tsRNAs as novel immune factors. tsRNAs are highly and stably expressed in hematopoietic and lymphatic organs and blood compared with other tissues (Dhahbi, 2015). This suggests that tsRNAs may participate in the immune process. In addition, when the body is in an acute inflammatory state, tsRNAs levels in the blood increase rapidly, particularly in the sera of mice and monkeys with acute and chronic hepatitis B and active hepatitis B virus infection, as well as chimpanzees with chronic viral hepatitis (Zhang et al., 2014; Selitsky et al., 2015). Likewise, tRF-5s derived from tRNAGlu can lead to the inhibition of CD1A expression by compounding with PIWIL4 and PIWIL1, which was able to promote the maturation of monocytes into dendritic cells (Zhang et al., 2016) (Figure 3). Moreover, tsRNAs can also activate the immune response of Th1 and cytotoxic T lymphocyte by interacting directly with toll-like receptors (Wang et al., 2006) (Figure 3).
[image: Figure 3]FIGURE 3 | tsRNAs’ functions. (A) tsRNAs inhibit the transcription of the CD1A gene by forming a complex with PIWIL1/4, thereby inhibiting the conversion of Mynocytes to Thedritic cell; (B) tsRNAs can be combined with toll-like receptor to activate CTL and Th1; (C) The interaction between tsRNAs and Cty c inhibits the apoptosis process.
In addition, the specific nucleoside motifs of tRNAs may be a structural determinant of innate immune recognition. For example, the interaction between the human tRNAAla stem loop and the D and T rings of tRNAHis may be epitopes of autoantibodies in the sera of patients with idiopathic inflammatory myopathy (Bunn and Mathews, 1987), and the anti-adenovirus infection-induced tRNAs fungal protective cell therapy (Alvarado-Vásquez et al., 2005). Finally, the major histocompatibility complex contains the largest tRNA gene cluster in human, which also coexist with immune-related functions are co-located. This may imply the role of tRNA in the immune system (Horton et al., 2004). These findings overall support the proposition that tRNAs may act as immune signaling molecules.
Other Mechanisms of Action
Both mitochondrial and cytosolic tRNAs have been shown to bind to cytochrome c. This binding inhibits the interaction between cytochrome c and apoptotic protease activating factor-1, thus blocking activating factor-1 oligomerization and caspase activation, which eventually preventing apoptosis (Mei et al., 2010). Another study revealed that under high osmotic pressure or stress, angiogenin-induced tiRNAs can inhibit apoptotic formation and activity by binding cytochrome c to form a ribonucleoprotein complex (Saikia et al., 2014) (Figure 3). Moreover, tsRNAs can also regulate micro-organisms found in human. In the oral cavity, the presence of Fusobacterium nucleatum triggers the release of tsRNAs, which may inhibit the growth of the former by interfering with the biosynthesis of bacterial proteins (He et al., 2018).
At present, studies exploring the function of tRNAs are only emerging. Future researches are expected to reveal the further regulatory role of tRNAs and tsRNAs in biological functions.
TRNAS AND TSRNAS IN HUMAN CANCER
tRNAs dysregulation have been detected in a variety of cancers, including breast cancer (Fang et al., 2017), lung cancer (Lu et al., 2009), melanoma (Phizicky and Hopper, 2010), prostate cancer (Olvedy et al., 2016a), and tRNA has been revealed to be regulated by oncogenes and tumor-suppressor genes. Particularly, oncogenes Ras (Wang et al., 1997) and c-myc (Gomez-Roman et al., 2003) can promote the expression of RNA polymerase III, whereas suppressor genes Rb (White et al., 1996) and p53 (Crighton et al., 2003) can inhibit its transcription. This leads to a serious imbalance of tRNA expression in cancers. Abnormally expressed tRNA can also promote cell proliferation and inhibit cell apoptosis, thus promoting tumor progression (Pavon-Eternod et al., 2013; Kwon et al., 2018).
In addition, the tRNA modification system can initiate tumorigenesis by directly affecting cellular processes associated with characteristic cancer cell phenotypes, such as increased proliferation, metastasis potential, and stem cell survival (Endres et al., 2019). Further, the tRNA modification system is also a key component of carcinogenic signaling pathways (Endres et al., 2019). In various cancers, the tRNA modifying enzyme increases the modification of a specific tRNA, thereby altering the preference of the tRNA codon. This results in increased levels of proteins corresponding to these mRNAs was found to be rich in a particular subset of the new “preferred” codons (Novoa et al., 2012; Novoa and Ribas De Pouplana, 2012).
Mutations in mitochondrial tRNA (mt-tRNA) have been confirmed that increased tumorigenic relates to the invasive phenotypes (Amuthan et al., 2001). These mutations can seriously affect the tertiary structure of mt-tRNAs, thus severely damaging the synthesis of mitochondrial proteins (Grzybowska-Szatkowska and Slaska, 2012). At present, the involvement of mt-tRNA mutations in the carcinogenesis of breast and lung cancers has been confirmed (Lu et al., 2009; Meng et al., 2016).
Several studies have also reported that tsRNAs, a derivative of tRNA, is dysregulated in a variety of cancers and may play a carcinogenic or anti-cancer role (Pekarsky et al., 2016; Balatti et al., 2017). In breast cancer, many studies have shown that cancer genes can regulate the expression of tsRNAs, which may also be a key effector molecule in cancer gene regulation (Balatti et al., 2017).
While current knowledge of tRNAs and tsRNAs in cancer is still in its infancy, their potential applications in the improvement of fresh biomarkers and original healthful strategies for the diagnosis, monitoring, predicting, and treating cancer cannot be understated. We have summarized the recent literature on the functions and mechanisms of cancer-associated tRNAs in Table 1 (Figure 4).
TABLE 1 | Summary of human cancer-associated tRNAs and tsRNA.
[image: Table 1][image: Figure 4]FIGURE 4 | Landscape of tRNAs in human diseases.
Breast Cancer
Different factors can induce the abnormal expression of tRNAs in breast cancer, thereby promoting tumor progression. For example, the stimulation of ethanol activates c-Jun N-terminal kinase 1, which promotes the proliferation of Brf1 and ERα. Subsequently, the interaction between Brf1 and ERα upregulates Pol III gene transcription to enhance the production of tRNA, ultimately leading to the development of breast cancer. However, tamoxifen can hold in the incident of breast cancer by containing the effects of Brf1 and ERα, also indirectly inhibits the generation of tRNA (Fang et al., 2017) (Figure 5). Similarly, the TATA box-binding protein human Maf1 and the oncogene Ras can promote the transcription of tRNAs by targeting RNA pol Ⅲ, particularly the Brf1 subunit of TFⅢ B factor, thereby promoting tumor progression (Wang et al., 1997; Shen et al., 1998; Rollins et al., 2007; Johnson et al., 2008).
[image: Figure 5]FIGURE 5 | Roles of tRNAs and tsRNAs in breast cancer.
Enzymes catalyzing tRNA modifications play significant roles in the biological processes in breast cancer (Towns and Begley, 2012; Frye and Watt, 2006; Delaunay et al., 2016). In human, the overexpression of the U34-modifying enzymes Elp3 and Ctu1/2 directly promoted the translation of the oncoprotein DEK by catalyzing the mcm5s2-U34 tRNA modification. Increased DEK can then bind the LEF1 internal ribosome entry site sequence, thereby increasing the translation of the oncogenic LEF-1 mRNA and promoting the invasion and metastasis of breast cancer cells (Delaunay et al., 2016) (Figure 5). Furthermore, the high expression of tRNAArg-CCG and tRNAGIu-UUC in breast cancer can promote the invasion and metastasis of cancer cells by directly upregulating the expression of EXOSC2 and enhancing that of GRIPAP1 (Goodarzi et al., 2016).
In a study cohort of Polish women with breast cancer, the tertiary structure of mt-tRNAs was affected by genetic mutation, resulting in the severe impairment of the mitochondrial protein synthesis, and thus affecting cell proliferation (Grzybowska-Szatkowska and Slaska, 2012). Further, mutations in mt-tRNAs are participated in the carcinogenesis of breast cancer, such as mt-tRNAAsp (Meng et al., 2016), but the specific mechanism of mtRNA mutation in cancer is unknown.
Similarly, tiRNAs are abnormally expressed in breast cancer and are involved in tumorigenesis (Goodarzi et al., 2015; Honda et al., 2015; Balatti et al., 2017). Decreased abundances of 26 specific circulatory tiRNAs from the tRNAGly, tRNAGlu, and tRNALys heterogenous receptors was observed in ER-positive breast cancer (Dhahbi et al., 2014). The same study have suggested that inflammatory breast cancer is associated with an increase in tiRNAAla (Dhahbi et al., 2014). Some tiRNAs, such as tiRNAAsp-5 and tiRNAHis-5, are significantly overexpressed in breast cancer, and the knockout of tiRNA-5s can inhibit tumor proliferation (Honda et al., 2015). These findings provide sufficient evidence of the involvement of abnormal tiRNAs expression in the course of breast cancer.
The connection of tsRNAs in breast cancer progression has also been confirmed by several studies. First, the anomalous demonstration of tiRNAs has been sighted at some stages of the carcinogenesis process [19]. The downregulation of tiRNAVal-5 in the serum is positively associated with lymph node metastasis and cancer stage progression, whereas its overexpression inhibits malignant cell activity (Mo et al., 2019). Meanwhile, the expression of tRF-3s are strongly downregulated in invasive advanced breast cancer, whereas that of tRF-1s were raised in an advanced cancer cell, thus suggesting that tRF-3s and tRF-1s may be related to advanced pathological changes in cancer (Balatti et al., 2017). Second, tsRNAs can regulate breast cancer progression by affecting gene transcription. For example, tRFs from tRNAGlu, tRNAAsp, tRNAGly, and tRNATyr contend with YB-1 for the transcription of endogenous cancer genes, thereby undermining the stability of transcriptions of proto-oncogene and reducing their expression. This subsequently inhibits breast cancer progression (Goodarzi et al., 2015). Similarly, in breast cancer cells, tRFs derived from tRNATyr, tRNAAsp, tRNAGly, and tRNAGlu can inhibit tumor progression by displacing the 3′-UTRs of multiple oncogenic transcripts from the RNA-binding protein YBX-1, thus reducing their stability (Goodarzi et al., 2015). Another study showed that tiRNAVal-5 leads to the inhibition of c-myc and cyclinD1 by downregulating the FZD3-Wnt/β-catenin axis, which inhibits the progression of breast cancer (Mo et al., 2019) (Figure 5). Third, the impairment of the tiRNAs production also affect cancer progression. estrogen and its receptors promote the angiogenin cutting mature tRNA anticodon ring, thus producing large amounts of tiRNAs in ER-positive breast cancer. This accumulation makes for cells proliferating, which may promote tumor occurrence and tumor growth (Honda et al., 2015). Meanwhile, in a hypoxic environment, angiogenin induces the production of tsRNAs, and tsRNAs then interact with interleukin-6 to promote the phosphorylation of signal transducers and activators of transcription proteins. This promotes the transcription of the hypoxia inducible factor-1α, as well as those of multidrug-resistant genes and glycolytic proteins, ultimately leading to cytochemical resistance (Cui et al., 2019) (Figure 5). These studies suggest the varied functions of tsRNAs in cancer pathogenesis.
Lung Cancer
mt-tRNA gene mutations have been found to promote the development of lung cancer (Lu et al., 2009). These mutations damage the secondary structure of tRNAs, thereby affecting post-transcriptional modifications and aminoacylation, which can change the specificity, stability, or affinity of tRNAs (Brulé et al., 1998). Further, these mutations caused a decrease in mitochondrial protein synthesis and the cellular inability to reach the respiratory phenotypes and ATP thresholds required by normal cells to promote lung cancer (Lu et al., 2009) (Figure 6). The drug BC-Li-0186 when combined with leucyl-tRNA synthetase inhibited its activity, reduced the abundance of tRNA-carrying leucine, and prevented leucyl-tRNA synthetase mediated the non-classical mammalian target of rapamycin complex 1. This ultimately restrains the development of non-small cell lung cancer (Kim et al., 2019) (Figure 6).
[image: Figure 6]FIGURE 6 | Roles of tRNAs and tsRNAs in lung cancer.
tsRNAs have also been associated with lung cancer development through its regulation of the biological behavior of cells. For instance, miR-4521, acts as an inhibitor in CLL, has been revealed to be a tsRNA (ts-4521), which is lowered and mutated genes in lung cancer. Meanwhile, a reduction in ts-4521 has been shown to support tumor movement by the cell proliferation-related pathways’ activation and inhibiting apoptosis-related pathways in cancer cells (Phizicky and Hopper, 2010; Pekarsky et al., 2016). In addition, tsRNAs can regulate the demonstration of oncogenes. tRF‐Leu‐CAG is highly expressed in non-small cell lung cancer tissues, promoting tumor cell proliferation and cell cycle progression by upregulating the oncogene AURKA (Shao et al., 2017b) (Figure 6). However, how to mediate other signaling pathways through AURKA remains unclear.
Melanoma
Melanoma is highly malignant and accounts for the majority of skin tumor deaths. The roles of tRNAs and tsRNAs in its melanoma have also been investigated. The overexpression of the promoter methionine tRNA gene promoted tumor growth and angiogenesis in mouse melanoma cells, as well as an increase in cancer cell migration, invasion, and lung colonization, thereby resulting in increased metastasis potential (Phizicky and Hopper, 2010; Clarke et al., 2016). Its upregulation in cancer-associated fibroblasts accelerated the secretion of stromal cells, especially type-II collagen, thus facilitating tumor growth and metastasis (Phizicky and Hopper, 2010) (Figure 7).
[image: Figure 7]FIGURE 7 | Roles of tRNAs and tsRNAs in melanoma.
In a recent study, the accurate translation of hypoxia inducible factor 1 α mRNA in melanoma requires the participation of 34 uridine tRNA-modifying enzymes to adapt to a metabolic environment that is not conducive to growth conditions. The particular translation reprogramming of which relies partly on mTORC2-mediated enzymatic phosphorylation to modify the anti-codon of tRNA. Further, enhanced codon dependence on hypoxia inducible factor 1 α translation can promote glycolytic metabolism and the proliferation of melanoma cells (Mcmahon and Ruggero, 2018) (Figure 7). However, the specific regulatory mechanism of tRNAs in melanoma needs further validation, whereas the role of tsRNAs in melanoma has yet to be studied.
Other Cancers
tRNAs and tsRNAs have also been implicated in the biological processes of liver (Selitsky et al., 2015) and prostate cancers (Olvedy et al., 2016b). In liver cancer, tsRNAs tRNAVal-TAC-3, tRNAGly-TCC-5, tRNAVal-AAC-5, and tRNAGlu-CTC-5 were significantly increased in plasma exosomes (Selitsky et al., 2015) (Figure 8). Meanwhile the expression of tiRNAArg-CCT-5, tiRNAGlu-CTC-5, tiRNALeu-CAG-5, and tiRNALys-TTT-5 was downregulated in clear-cell renal-cell carcinoma, suggesting a potential role as a tumor suppressor (Zhao et al., 2018). Moreover, the relative abundance of tiRNAGly is 50–60% lower in hepatitis B virus and Hepatitis C virus-related cancers than normal liver tissue (Selitsky et al., 2015). These findings suggest that tRNAs and tsRNAs may have opposite effects in liver cancer and clear-cell renal-cell carcinoma and may thus be used as new diagnostic biomarkers.
[image: Figure 8]FIGURE 8 | Roles of tRNAs and tsRNAs in other cancers.
tsRNA (CU1276) modulated DNA damage response and suppressed cell proliferation via the inhibition of RPA1, which is an endogenous single-stranded DNA binding protein, in B cell lymphoma cells (Maute et al., 2013) (Figure 8). Meanwhile, tRNALeu and pre-miRNA derived from tRF/miR-1280, can suppress the growth and transfer of colorectal cancer by inhibiting Notch signaling pathways. Particularly, tRF/miR-1280 can target the Notch ligand jagged 2 (JAG2) to repress Notch signaling pathways, which in turn inhibits the cancer stem cell phenotypes by inhibiting direct transcription of Gata1/3 and miR200b genes, thus inhibiting tumorigenesis and metastasis (Huang et al., 2017) (Figure 8).
In high-grade serous ovarian cancer, upregulated tRFs can promote protein phosphorylation, transcription, cell migration, cancer pathways, MAPK, and Wnt signaling pathways, as well as regulating HMBOX1 to attack human ovarian cancer cells (Zhang et al., 2019a). This proves that tRFs play a role as a regulatory factor for cancer development in serous ovarian cancer (Figure 8). In prostate cancer, 589 differentially expressed tRFs have been detected, suggesting its potential as a biomarker (Olvedy et al., 2016b). Similarly, tRF-1001 from tRNASer was eminently expressed in prostate cancer, whereas its knockdown suppressed DNA biosynthesis and cell proliferation (Anderson and Ivanov, 2014).
CLINICAL APPLICATION OF TRNAS AND TSRNAS IN CANCER
Although tsRNAs and tRNAs function in the human body are still in the exploratory stage, the potential it has shown as a cancer marker is not to be underestimated. Next, we will discuss its role in clinical diagnosis and treatment.
As a Diagnostic Biological Marker
Cancer is the most dangerous disease known. In many cases, patients with cancer are often unaware of their early stages, and when clinical symptoms appear, the cancer is in its late stages. Finding reliable and sensitive diagnostic molecular markers is researchers have been struggling to find. Recently, the function of tRNAs and tsRNAs in the human body has gradually received clinical attention and shown great molecular marker potential.
Previous studies have shown that tsRNAs can be detected in serum and urine stabilized (Romaine et al., 2015; Santos et al., 2019). Now, with the continuous development of high-throughput sequencing technology, different types of tsRNAs are constantly detected and isolated in body fluids, and their functions are gradually reflected. For example, there are differences in abundance between prostate cancer and renal transparent cell carcinoma and tsRNAs in normal prostate tissue (Hayes et al., 2014; Zhao et al., 2018). Subsequently, many studies have found tRNAs and tsRNAs disorders may be related to the regulation of tumor genes and tumor suppressor genes, while the abnormal expression of tRNAs and tsRNAs can promote cell proliferation and inhibit cell apoptosis, further promoting cancer progression (Pavon-Eternod et al., 2013; Kwon et al., 2018). In breast cancer, ethanol stimulation can promote the proliferation of Brf1 and ER+, thereby enhancing their interaction, and enhance the production of tRNA by Pol III gene transcription, further promoting tumor progression (Fang et al., 2017). Meanwhile many studies have shown that cancer genes can regulate the expression of tsRNAs and tsRNAs may also be a key effector molecule of cancer gene regulation (Zhu et al., 2019). On the other hand, in hepatocellular carcinoma, tsRNAs tRNAVal-TAC-3, tRNAGly-TCC-5, tRNAVal-AAC-5, and tRNAGlu-CTC-5 are significantly elevated in plasma exosomes, which may play a transcriptional role (Selitsky et al., 2015). These characteristics are sufficient to demonstrate the great potential of tsRNAs to become a biomarker of tumors. But there is still less research on tsRNAs, and hopefully more people will look to it in the future so that tsRNAs can really play its clinical role and contribute to the cause of human medicine.
The Role of Targeted Therapy
tRNAs and tsRNAs, as small molecular markers related to tumor, may also play a role in molecular targeted therapy to suggest local therapeutic targets. For example, mt-tRNA mutations in lung cancer inhibit the development of NSCLC by leucyl-tRNA synthase mediated rapamycin complex 1 as a non-classical mammalian target (Kim et al., 2019). In high-grade serous ovarian cancer, tRF-03357 promotes cell proliferation, migration and invasion, partly by modulating HMBOX1. And this phenomenon can be reversed by targeting tRF-03357 (Zhang et al., 2019a). These functions indicate that tRNAs and tsRNAs can be used as therapeutic targets for clinical interventions. However, as a therapeutic target, more precise mechanisms of action and higher sensitivity specificity are required, which still leaves some unexplored areas.
CONCLUSION AND PERSPECTIVES
Recent studies have revealed they are key role to various human diseases’ development, especially cancer. Meanwhile, tsRNAs are increasingly being tapped for its potential role in diseases. This review summarizes recent literature on the biogenesis, structure, and biological characteristics and functions of tRNAs and tsRNAs, with an extraordinary attention to their participation and potential clinical significance in human cancers.
In human cancer, tRNAs and tsRNAs possess carcinogenic roles by promoting cell proliferation, migration, and invasion and inhibiting apoptosis (Santos et al., 2019). Meanwhile, tRNAs and tsRNAs also have anti-tumor effects. Although in clinical settings, fluid screening mainly focuses on miRNAs (Hayes et al., 2014; Romaine et al., 2015). However, tRNAs and tsRNAs are stably enriched in the biofluids in solid cancers and blood malignancies, (Zhang et al., 2009; Li et al., 2012), fluid screening can determine tRNAs and tsRNAs biomarker candidates for cancer diagnosis.
Several studies have confirmed that tRNAs and tsRNAs regulate cancer progression. Indeed, such mechanisms may become suitable targets for novel therapeutic approaches in several tumor types. Although tRNA has already been confirmed as a regulator, it remains unclear whether its dysregulation in many cancers is a trigger for tumor initiation, progress, or metastasis.
Compared with that on other non-coding RNAs, i.e., miRNA and lncRNA, the current state of knowledge on tRNAs and tsRNAs are still in its infancy, and they have not yet been studied in clinical settings. There are several challenges and limitations in the study of tRNAs. First, the molecular mechanism of tRNAs and tsRNAs in cancer development needs to be further confirmed. Second, most studies on tRNAs and tsRNAs and their role in cancer used cancer cells. To advance research in this field, future studies should utilize clinical samples, such as tumor tissues and body fluids. Third, how to utilize tRNAs and tsRNAs against cancer cells effectively and with long-term efficacy should be sufficiently addressed. Fourth, to ensure their safety and efficacy in human, pre-clinical and clinical studies are warranted. Lastly, the relationship between mutations in mitochondrial tRNA and maternal genetic diseases needs to be more clearly studied.
In conclusion, this review bridges the gap between what is known about tRNAs and tsRNAs and their involvement in human cancer, thus providing new insights and strategies for cancer diagnosis, management, and treatment (Hopper and Phizicky, 2003).
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Abnormally high expression of aryl hydrocarbon receptor (AhR) has been implicated in dedifferentiation of radioiodine-refractory papillary thyroid cancer (RR-PTC). This study aimed to evaluate the differentiation effect of AhR antagonist in PTC, and to explore the potential mechanism of it. Results showed that AhR antagonists promoted differentiation of PTC, as shown as increase in 125I uptake and Na/I symporter (NIS) expression level. CircRNA microarray in K1 cells treated with StemRegenin 1(SR1) revealed that hsa_circ_0006741 (circSH2B3) was down-regulated in SR1 treated K1 cells. Downregulation of circSH2B3 increased 125I uptake and NIS expression levels. CircSH2B3 acted as an endogenous sponge of hsa-miR-4640-5p and modulated IGF2BP2 expression. IGF2BP2 overexpression induced dedifferentiation of PTC, while silencing IGF2BP2 accelerated differentiation of PTC cells. Rescue studies showed that the dedifferentiation activity of AhR was modulated by the circSH2B3/miR-4640-5p/IGF2BP2 axis. Our findings confirmed for the first time that AhR antagonists promote differentiation of PTC via inhibiting the circSH2B3/miR-4640-5p/IGF2BP2 axis, offering a novel therapeutic approach and a potential marker for differentiation of PTC.
Keywords: AhR antagonist, papillary thyroid cancer, differentiation, circSH2B3, IGF2BP2
INTRODUCTION
According to the 2020 global cancer statistics, thyroid cancer is one of the most common endocrine malignancies in the worldwide, with responsible for approximately 58,600 cases, ranking in ninth place for incidence in 2020 (Sung et al., 2021). Papillary thyroid cancer (PTC) is the most prevalent subtype of thyroid cancer, accounting for 80% of all thyroid cancers. Radioiodine (131I) therapy has been the standard of care for unresectable 131I -avid metastatic PTC, and 131I uptake is a good prognostic marker (Ahn, 2016). Although most patients do well, the biology of PTC is extremely diverse, ranging from well 131I-responsive indolent lesions to 131I-refractory locally advanced or metastatic disease. The mean life span of 131I refractory disease is less than 5 years and the 10-years-survival rate is often less than 10% (Durante et al., 2006).
Differentiation therapy followed by 131I is a promising alternative therapy for radioiodine refractory thyroid cancer (RR-PTC). To date, several differentiation therapies including retinoic acid (Schmutzler and Köhrle, 2000), tyrosine-kinase inhibitors (Oh et al., 2020), histone deacetylase inhibitors (Jang et al., 2015), peroxisome proliferator-activated receptor (PPAR)-γ agonists etc. (Park et al., 2005), have been adopted to enhance Na/I symporter (NIS) function to reverse the dedifferentiation of RR-PTC and support 131I therapy. It is feasible, theses differentiation strategies have already brought significant clinical benefits (Buffet et al., 2020). However, only a limited number of patients got benefit from these therapeutic strategies, necessitating the development of other new agents to aid the differentiation of PTC, as well as further research to look into the underlying potential mechanism of dedifferentiation of PTC.
More recent work suggests that the aryl hydrocarbon receptor (AhR), a cytosolic ligand-activated transcription factor, is expressed at aberrantly low or high levels in several malignancies, integrating with promotion or inhibition of cell differentiation (Zhao et al., 2019). Thus, AhR agonists and antagonists have been used to mediate cell differentiation. In melanoma, AhR agonists, for example, can activate the AhR-dependent resistant program to induce dedifferentiation, whereas AhR antagonists can abrogate deleterious AhR sustained-activation to overcome dedifferentiation and drug resistance (Corre et al., 2018). In leukemic stem cells, the AhR pathway is suppressed (Ly et al., 2019). By down-regulating the stem cell transcription factor Oct4, AhR enhanced retinoic acid induced differentiation of myeloblastic leukemia cells (Bunaciu and Yen, 2011). Given that AhR contributes to cell differentiation in several malignancies, there is a strong likelihood that AhR might be involved in differentiation of PTC.
Herein, we confirmed the differentiation effect of AhR antagonists in PTC. Via circRNA microarray, we discovered a previously undescribed circRNA hsa_circ_0006741 (termed as circSH2B3) contributing to AhR antagonist induced differentiation of PTC. Therefore, this study was designed to explore the role of circSH2B3 in AhR antagonist induced differentiation of PTC and elucidate the underlying mechanism.
MATERIAL AND METHODS
Cell Culture and Agents
A normal thyroid follicular epithelial cell line (Nthy-ori 3-1) and PTC cell lines (K1 and BCPAP) were purchased from the Chinese Academy of Sciences. All cell lines had been tested and authenticated by DNA analysis. The cells were cultured in RPMI 1640 supplemented with 20% fetal bovine serum (FBS), 100 units/ml of penicillin, and 100 µg/ml streptomycin at 37°C and 5% CO2. AhR antagonists, StemRegenin 1 and CH-223191, were purchased from Selleck.
Plasmid Construction and Transfection
Human short hairpin RNA (shRNA) and overexpressed circSH2B3 were designed and synthesized by Genomeditech (Shanghai, China). Hsa-miR-4640-5p mimics or inhibitors, as well as their controls were synthesized by Genomeditech (Shanghai, China). Cell transfection was performed using Lipofectamine 2000 (Invitrogen, NY, United States) according to the manufacturer’s instruction. shRNAs and overexpressed of IGF2BP2 lentivirus plasmid (HanBio, Shanghai, China) were transfected into the polybrene treated PTC cells. In the presence of 5 µg/ml puromycin, the transfection lentivirus content was according to the individual multiplicity of infection. Empty vector was used as a negative control. qRT-PCR was used to assess transfection efficiency.
Cell Viability Assay
Cells were grown in the presence of different doses of StemRegenin 1 (0, 62.5, 125, 250, 500, 1,000, 2000, 4,000 nM) or CH-223191 (0, 7.8, 15.6, 31.3, 62.5, 125, 250, 500 nM) for 48 h. 10 μL of CCK8 reagent (Yeasen, Shanghai, China) was added, incubate for 2 h, and the absorbance measured at 450 nm. Using GraphPad Prism v. 8.0 (GraphPad Software, CA, United States), the half-maximal inhibitory concentration (IC50) was determined based on the relative survival curve.
125I Uptake Assay
Cells (1.5×105) were seeded in six-well plates, treated with DMSO, AhR antagonist, or transfected with shRNA or plasmid, and incubated for 48 h. Cells were incubated in 1 ml serum-free RPMI 1640 which contains 74 kBq Na125I at 37°C for 1 h. The Na125I containing medium was withdrawn, and the cells were washed twice in PBS before being lysed on ice with 0.3 M sodium hydroxide. The radioactivity of cell lysates was counted by a γ counter. To normalize the cell counts, each group had one well without Na125I treatment for counting cell numbers.
131I Colony Formation Assay
Cells (5 × 102) were seeded into six-well plates, and treated with DMSO, AhR antagonist or transfected with shRNA or plasmid, and incubated for 48 h. Then, the medium was discarded, and cells were washed twice in PBS. One mL of culture medium with or without 20 μCi Na131I was added for 6 h, and the radioactive medium was discarded. Cells were cultured in regular medium approximately 1 week. Cell colonies were fixed by 4% paraformaldehyde and stained with crystal violet. The number of cell colonies was determined by counting.
RNase R and Actinomycin D Treatment, and Quantitative Real-Time PCR (qRT-PCR) Assay
Total RNA was extracted using the RNA-Quick Purification Kit (Vazyme, Shanghai, China). For the RNase R treatment, 2 μg of total RNA was incubated with or without 3 U/mg RNase R (Geneseed, Guangzhou, China) for 15 min at 37°C. For the Actinomycin D treatment, transcription was prevented by the addition of 2 mg/ml Actinomycin D. One μg of total RNA was transcribed into cDNA on an ABI Veriti™ 96-Well Thermal Cycler (Thermo Fisher) using HiScript II Q RT SuperMix for qPCR (R223-01, Vazyme) for mRNA and circRNA analysis, and miRNA 1st Strand cDNA Synthesis Kit (MR101-01, Vazyme) for miRNA analysis. The qRT-PCR reaction was carried out in a Thermofisher 7500 Real-Time PCR system using AceQ Universal SYBR qPCR Master Mix for mRNA and circRNA (Q511-02, Vazyme) and miRNA Universal SYBR qPCR Master Mix (MQ101-01/02, Vazyme). All sequences were presented in Supplementary Table S1.
Western Blotting Analysis
The cells were lysed in RIPA buffer. Equal amounts of total protein were resolved, transferred to PVDF membranes (Millipore) and immunoblotted with the specified primary antibodies. Membranes were hybridized with the following primary antibodies: AhR (Abcam, #ab190797, 1:1000), NIS (Abcam, #ab242007, 1:1000), IGF2BP2 (Abcam, #ab124930, 1:2000), Histone 3 (Abcam, # ab267372, 1:1000) and β-actin (Abcam, #ab8227, 1:1000). Species-specific HRP-conjugated antibodies (1:5000; Cell Signaling Technology) were used to hybridize membranes. The cytoplasm and nuclear proteins were recovered and separated using the nuclear and Cytoplasmic Protein Extraction Kit (Yeasen, Shanghai, China), following cell lysis. The Potent ECL kit (Yeasen, Shanghai, China) was used to visualize the bands.
Immunofluorescent Localization of Na/I Symporter
Cells were seeded in six-well chamber slides and treated with StemRegenin 1 (100 nM). After 48 h, the cells were washed twice with PBS and fixed for 15 min with 4% paraformaldehyde. The cells were blocked with 1% BSA for 1 h. The cells were then treated with rabbit anti-NIS (1:100; Abcam), and goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) (Abcam) diluted at 1:100, followed by DAPI.
Dual-Luciferase Reporter Assay
The wild-type sequences of cicrSH2B3 and IGF2BP2 3′-UTR as well as their corresponding mutant sequences targeting hsa-miR-4640-5p binding sites were synthesized. These sequences were subcloned into the luciferase reporter vector cicrSH2B3 (Genomeditech, Shanghai, China) respectively. Vectors were co-transfected into K1 cells by HG transgene reagent (Genomeditech, Shanghai, China) according to the manufacturer’s instructions. The relative luciferase activities were determined using the Dual-luciferase Assay Kit (Genomeditech, Shanghai, China) following the manufacturer’s instructions.
Immunohistochemistry (IHC)
For IHC, 5-μm thyroid cancer sections were treated with xylene, 100% alcohol, 95% alcohol, 85% alcohol, 75% alcohol and then Tris/EDTA buffer was used for antigen retrieval. Then the samples were incubated with anti-AhR (1:500 dilution in PBS) for 2 h. After PBS washing, HRP-conjugated secondary (1:500 dilution in PBS) and 3, 3′-diaminobenzidine were used for visualization. All staining was scored using a semiquantitative method in terms of the staining intensity and the positive rate. In detail, the staining intensity was determined as 0 = negative, 1 = weak, 2 = moderate, and 3 = strong, while the positive rate was defined as 0, < 1%; 1, 1–25%; 2, 26–50%; 3, 51–75%; and 4, 75–100%. IHC scoring > 6 and ≤ 6 were defined as high and low expression, respectively (Xu et al., 2019).
Statistical Analysis
The data is represented as means ± standard deviation. SPSS 22.0 (SPSS, Chicago, IL, United States) was used to perform all the statistical analyses. A one-way analysis of variance was used to assess differences across groups, while the Student’s t-test was used to assess differences between groups. The statistical significance level was set at p < 0.05.
RESULTS
AhR Antagonists Induce Differentiation of PTC
Previously published findings have indicated that AhR was up-regulated in thyroid cancer, but the role of AhR in the differentiation of PTC was still unclear (Moretti et al., 2020). According to AhR levels, clinicopathological data deriving from a total of 32 PTC patients with lymph node or distant metastases were analyzed, in which only 4 (22.2%) patients in high AhR group showed 131I positive lesions on post-therapeutic whole body scan (Rx-WBS) after the initial 131I treatment, while 10 (71.4%) patients in low AhR group showed 131I positive lesions on Rx-WBS after the initial 131I treatment. AhR was correlated with condition of 131I uptake of lesions after the initial 131I treatment (p = 0.011) (Table 1), indicating that AhR might play an important role in the differentiation of PTC. Representative cases were shown in Figure 1. Further, we used AhR antagonists, StemRegenin 1 (SR1) and CH-223191 (CH) in PTC cells (BCPAP and K1) to evaluate the differentiation of PTC. The IC50 value for SR1 and CH were 225.3 and 43.1 nM in BCPAP, while 274.4 and 50.3 nM in K1, respectively (Figure 2A). SR1 or CH was administered to stimulate the differentiation of PTC cells for 48 h. 125I uptake of BCPAP cells treated with SR1 (100 nM) or CH (20 nM) was 3.32-, and 3.46-fold higher than those of control cells (both p < 0.05), and 3.02- and 2.67-fold higher in K1 cells (both p < 0.05) (Figure 2B). 131I colony formation assay showed that the cell colonies in PTC cells treated with SR1 (100 nM) or CH (20 nM) were reduced (Figure 2C). Since NIS is the critical factor which is responsible for differentiation of PTC, the mRNA and protein levels of NIS in PTC cells treated with AhR antagonists are determined. The mRNA expression of NIS was distinctly enhanced in PTC cells treated with SR1 (100 nM) or CH (20 nM) (Figure 2D). With regard to the protein level, various concentration of SR1 (0, 12.5, 25, 50, 100, 200 nM) were used. The protein levels of NIS were significantly increased in PTC cells treated with 50 or 100 nM SR1 (Figure 2E). Furthermore, NIS protein was found to be distinctly localized on the membrane of PTC cells after treated with SR1 (100 nM) (Figure 2F). These results suggested that AhR antagonists promote the differentiation of PTC cells.
TABLE 1 | Clinicopathological features of patients with metastatic papillary thyroid cancer according to the expression of aryl hydrocarbon receptor (N = 32).
[image: Table 1][image: Figure 1]FIGURE 1 | AhR is associated with 131I uptake of lesions in PTC patients with lymph node or distant metastases. Post-therapeutic whole body scan, CT, and immunohistochemistry of AhR in patients with high expression of AhR (cases 1-3) and patients with low expression of AhR (cases 4-6).
[image: Figure 2]FIGURE 2 | AhR antagonists promote differentiation of PTC cells. (A) IC50 of SR1 and CH in BCPAP and K1 cells. (B) 125I uptake in BCPAP and K1 cells treated with SR1 and CH. (C) 131I colony formation in BCPAP and K1 cells treated with SR1 and CH. (D) Relative expression of NIS in BCPAP and K1 cells treated with SR1 and CH. (E) The protein levels of NIS in BCPAP and K1 cells treated with SR1. (F) Localization of NIS in BCPAP and K1 cells treated with SR1. SR1, StemRegenin 1; CH, CH-223191.
Differentiation Associated hsa_circ_0006741 is Down-regulated in AhR Antagonist Treated PTC Cells
Using circRNA microarray, we examined the differentially expressed circRNAs in K1 control and SR1 treated K1 cells to determine the potential circRNAs that contributed to the differentiation effect of AhR antagonists. By comparing SR1 treated K1 cells to control cells, we found 23 circRNAs with significant up-regulation and 21 circRNAs with significant down-regulation. Fold change filtering was used to identify differential expression patterns of circRNAs, and a heatmap of these circRNAs was generated (Figure 3A). Among these differentially expressed circRNAs, hsa_circ_0006741 was associated with cell differentiation and was down-regulated in AhR antagonist treated K1 cells. Therefore, we selected hsa_circ_0006741 for further analysis.
[image: Figure 3]FIGURE 3 | CircSH2B3 is down-regulated in SR1 treated PTC cells. (A) Heatmap of different expressed circRNAs in SR1 treated K1 cells and control cells. Red indicated up-regulated while green indicated down-regulated. (B) Schematic illustration demonstrating SH2B3 exon 2 circularization to form circSH2B3. The presence of circSH2B3 is validated by Sanger sequencing. (C) Relative expression of circSH2B3 in PTC cell lines. (D) Relative expression of circSH2B3 and SH2B3 mRNA in BCPAP and K1 cells treated with or without RNase R. (E) Relative expression of circSH2B3 and SH2B3 mRNA in BCPAP and K1 cells treated with Actinomycin D. (F) Relative expression of circSH2B3 in BCPAP and K1 cells treated with SR1. SR1, StemRegenin 1.
Hsa_circ_0006741 is formed by the circularization of exons 2 of the SH2B3 gene with 759 spliced lengths (hereafter referred to as circSH2B3) and located at chr12:111405107_111451623. Sanger sequencing was conducted to confirm the predicted head-to-tail splicing junction in the qRT-PCR product of circSH2B3 identified by its expected size using well-designed divergent primers (Figure 3B). The circSH2B3 expression was higher in multiple PTC cells than in normal thyroid cells (Nthy-ori 3-1), and BCPAP and K1 cells were chosen for further investigation (Figure 3C). Following that, RNase R was applied to treat PTC cells to rule out the possibility that head-to-tail splicing may be produced by genomic rearrangement or trans-splicing. In the RNase R treatment assay, we found that circSH2B3 was resistant to RNase after digestion of RNA (Figure 3D). Also, under the treatment of Actinomycin D, the level of linear SH2B3 was decreased rapidly than that of circSH2B3 over time (Figure 3E). qRT-PCR was used to validate the relative expression of circSH2B3 in SR1 treated BCPAP and K1 cells (Figure 3F). Taken together, these findings suggested that circSH2B3 might be a potential target for SR1.
CircSH2B3 Plays a Key Role in the Dedifferentiation of PTC
To further investigated the dedifferentiation of circSH2B3 in PTC cells, the circSH2B3 silencing (sh-cicrSH2B3) and overexpression (OE-circSH2B3) were constructed using the plasmids transfection (Figures 4A,B). We then performed 125I uptake assay and 131I colony formation assay to determine the dedifferentiation effect of circSH2B3. The 125I uptake assay revealed that when the expression of circSH2B3 was inhibited, the 125I uptake was increased, while when the expression of circSH2B was enhanced, the 125I uptake was significantly reduced as compared to control groups (Figure 4C). Similarly, colony formation in circSH2B3 knockdown cells was inhibited but enhanced in circSH2B3 overexpression cells (Figure 4D). In addition, mRNA and protein levels of NIS were increased in sh-circSH2B3 PTC cells but down-regulated in OE-circSH2B3 PTC cells (Figures 4E,F). We also investigated whether acquisition of circSH2B3 could affect the differentiation of SR1, the circSH2B3 was overexpressed in SR1 treated PTC cells. The increase of cirSH2B3 expression decreased 125I uptake and the protein levels of NIS in SR1 treated PTC cells (Figures 4G,H). These results indicated that SR1 promotes differentiation of PTC cells via inhibiting circSH2B3.
[image: Figure 4]FIGURE 4 | CircSH2B3 plays a key role in SR1 induced differentiation of PTC. (A,B) Relative expression of circSH2B3 in BCPAP and K1 cells transfected with circSH2B3 shRNA (sh-circSH2B3) and overexpression (OE-circSH2B3) plasmids. (C) 125I uptake in BCPAP and K1 cells transfected with sh-circSH2B3 or OE-circSH2B3. (D) 131I colony formation in BCPAP and K1 cells transfected with sh-circSH2B3 or OE-circSH2B3. (E) Relative expression of NIS in BCPAP and K1 cells transfected with sh-circSH2B3 or OE-circSH2B3. (F) The protein levels of NIS in BCPAP and K1 cells transfected with sh-circSH2B3 or OE-circSH2B3. (G) 125I uptake in SR1 treated BCPAP and K1 cells co-transfected with OE-circSH2B3-NC or OE-circSH2B3. (H) The protein levels of NIS in SR1 treated BCPAP and K1 cells co-transfected with OE-circSH2B3-NC or OE-circSH2B3. SR1, StemRegenin 1.
CircSH2B3 Acts as a Sponge for hsa-miR-4640-5p
One of the main biological roles of circRNAs is to sponge to miRNA and affect the mRNA targeted by the corresponding miRNA (Meng et al., 2017). To investigate the underlying molecular mechanisms of circSH2B3 in dedifferentiation of PTC, we screened the target miRNAs of circSH2B3 via bioinformatics analysis. Circbank (http://www.circbank.cn), circAtlas (http://circatlas.biols.ac.cn), CircInteractome (https://circinteractome.nia.nih.gov/) and ENCORI (http://starbase.sysu.edu.cn/), were used to predict targets miRNAs of circSH2B3. The overlap across the databases revealed a total of 6 miRNAs (hsa-miR-6720-5p, hsa-miR-615-5p, hsa-miR-4731-5p, hsa-miR-4640-5p, hsa-miR-1307-3p and hsa-miR-1278) (Figure 5A). The expression of these miRNAs in circSH2B3 knockdown PTC cells was then confirmed. Hsa-miR-6720-5p and hsa-miR-4640-5p were increased in PTC cells transfected with sh-circSH2B3 (Figure 5B). Furthermore, we selected the hsa-miR-4640-5p as the target miRNA via comparing miRNA expression in PTC cells treated with SR1 to control cells (Figure 5C). To confirm the interaction between circSH2B3 and hsa-miR4640-5p, we constructed dual-luciferase reporter vectors containing wild (WT) and mutant (Mut) circSH2B3 sequences capable of binding hsa-miR-4640-5p (Figure 5D). After transfecting vectors into K1 cells with or without a hsa-miR-4640-5p mimic and circSH2B3, dual-luciferase assays revealed that hsa-miR-4640-5p suppressed luciferase activity in WT cells but not in Mut cells (Figure 5E). These results indicated that hsa-miR-4640-5p is a direct downstream target of circSH2B3, involving in cell differentiation of PTC.
[image: Figure 5]FIGURE 5 | circSH2B3 acts as a sponge for hsa-miR-4640-5p in PTC cells. (A) Venn diagram of hsa-miR-6720-5p, hsa-miR-615-5p, hsa-miR-4731-5p, hsa-miR-4640-5p, hsa-miR-1307-3p and hsa-miR-1278. (B) Relative miRNA expression in BCPAP and K1 cells transfected with sh-circSH2B3. (C) Relative miRNA expression in BCPAP and K1 cells treated with SR1. (D) The bioinformation analysis showing the binding site of circSH2B3 and hsa-miR-4640-5p. (E) The luciferase activity assay showing the combination of circSH2B3 and hsa-miR-4640-5p. SR1, StemRegenin 1.
Hsa-miR-4640-5p Silencing Reverses the Differentiation Effect of sh-circSH2B3
To determine the differentiation effect of hsa-miR-4640-5p in PTC cells, we transfected BCPAP and K1 cells with the hsa-miR-4640-5p mimics or inhibitor and the transfection efficiency was detected by qRT-PCR (Figure 6A). Hsa-miR-4640-5p inhibitor decreased the 125I uptake in PTC cells, while hsa-miR-4640-5p mimics only slightly increased 125I uptake in both BCPAP and K1 cells (Figure 6B). The 131I colony formation assay showed increased colony numbers in PTC cells transfected with hsa-miR-4640-5p inhibitor, and slightly decreased colony numbers in PTC cells transfected with hsa-miR-4640-5p mimics (Figure 6C). Furthermore, the qRT-PCR and western blot were performed to evaluate the relative mRNA and protein levels of NIS in PTC cells transfected wih hsa-miR-4640-5p mimics or inhibitor. As shown in Figures 6D,E, the relative mRNA and protein levels of NIS in PTC cells were reduced following transfection with hsa-miR-4640-5p inhibitors but increased slightly after transfection with hsa-miR-4640-5p mimics. These results suggested that hsa-miR-4640-5p inhibitors act as suppressors in differentiation of PTC.
[image: Figure 6]FIGURE 6 | hsa-miR-4640-5p silencing reverses the sh-circSH2B3 induced differentiation of PTC cells. (A) Relative expression of hsa-miR-4640-5p in BCPAP and K1 cells transfected with hsa-miR-4640-5p mimics or inhibitor. (B) 125I uptake in BCPAP and K1 cells transfected with hsa-miR-4640-5p mimics or inhibitor. (C) 131I colony formation in BCPAP and K1 cells transfected with hsa-miR-4640-5p mimics or inhibitor. (D) Relative expression of NIS in BCPAP and K1 cells transfected with hsa-miR-4640-5p mimics or inhibitor. (E) The protein levels of NIS in BCPAP and K1 cells transfected with hsa-miR-4640-5p mimics or inhibitor. (F) 125I uptake in sh-circSH2B3 BCPAP and K1 cells co-transfected with inhibitor NC or hsa-miR-4640-5p inhibitor. (G) The protein levels of NIS in sh-circSH2B3 BCPAP and K1 cells co-transfected with inhibitor NC or hsa-miR-4640-5p inhibitor.
As we hypothesized that silencing circSH2B3 promotes differentiation of PTC primarily by sponging hsa-miR-4640-5p, it was necessary to determine whether a hsa-miR-4640-5p inhibitor might reverse the sh-circSH2B3 induced differentiation of PTC cells. Rescue experiments were performed by co-transfecting sh-circSH2B3-NC or sh-circSH2B3 in PTC cells with a hsa-miR-4640-5p inhibitor or its control. As shown by the 125I uptake assay, the hsa-miR-4640-5p inhibitor partially weakened the sh-circSH2B3 induced differentiation effect of PTC cells (Figure 6F), as well as protein levels of NIS (Figure 6G). These results suggested that hsa-miR-4640-5p slightly promotes differentiation of PTC, and the hsa-miR-4640-5p suppression partially inhibited the sh-circSH2B3 induced differentiation of PTC.
IGF2BP2 is a Direct Target of Hsa-miR-4640-5p
The target genes with the potentiality of hsa-miR-4640-5p were picked out by the prediction software (miRmap, miRwalk, Targetscan, miRDB). Based on the bioinformatic analysis, the potential target gene was identified as Insulin-like growth factor 2 (IGF2) mRNA-binding protein 2 (IGF2BP2) (Figure 7A). According to the GEPIA (http://gepia.cancer-pku.cn/index.html) databases, the Pearson analysis revealed that IGF2BP2 was positively associated with AhR, and negatively correlated with NIS (Figure 7B). Stably suppressed and overexpressed IGF2BP2 (sh-IGF2BP2 and OE-IGF2BP2) were constructed by lentivirus transfection (Figure 7C). Western blot was performed to validate the involvement of IGF2BP2 in the dedifferentiation of PTC, which revealed that the protein levels of NIS were up-regulated in stably knockdown IGF2BP2 PTC cells, but down-regulated in stably overexpression IGF2BP2 PTC cells (Figure 7D). Following the discovery of the binding site of hsa-miR-4640-5p and IGF2BP2 through bioinformatics analysis, the luciferase WT and Mut type plasmids were constructed based on the binding site (Figure 7E). The luciferase activity assay was conducted to address the interaction between hsa-miR-4640-5p and IGF2BP2, revealing that hsa-miR-4640-5p binds to the IGF2BP2 3′-UTR (Figure 7F). In addition, 125I uptake assay and western blot analyses revealed that the slightly enhanced differentiation effect of hsa-miR-4640-5p could be obviously inhibited by IGF2BP2 overexpression (Figures 7G,H).
[image: Figure 7]FIGURE 7 | IGF2BP2 is a direct target of hsa-miR-4640-5p. (A) Bioinformatic analysis of the potential target gene by prediction software (miRmap, miRwalk, Targetscan, miRDB). (B) Pearson analyses showing the correlation between IGF2BP2 and AhR, IGF2BP2 and NIS based on GEPIA (http://gepia.cancer-pku.cn/index.html) databases. (C) Relative expression of IGF2PB2 in BCPAP and K1cells transfected with IGF2BP2 shRNA (sh-IGF2BP2) and overexpression (OE-IGF2BP2) plasmids. (D) The protein levels of NIS and IGF2BP2 in BCPAP and K1cells transfected with sh-IGF2BP2 or OE-IGF2BP2. (E) The bioinformation analysis showing the binding site of hsa-miR-4640-5p and IGF2BP2. (F) The luciferase activity assay showing the combination of hsa-miR-4640-5p and IGF2BP2. (G) 125I uptake in hsa-miR-4640-5p mimics treated BCPAP and K1 cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. (H) The protein levels of NIS in hsa-miR-4640-5p mimics treated BCPAP and K1 cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. (I) The protein levels of AhR in nuclear and cytosolic in BCPAP and K1 cells transfected with sh-IGF2BP2 or OE-IGF2BP2.
Cytoplasmic AhR translocates to the nucleus, and heterodimerizes with aryl hydrocarbon receptor nuclear translocator (ARNT), and mediates a variety of biological and toxicological effects by inducing the transcription of AhR-responsive genes. IGF2BP2, as an N6-methyladenosine (m6A) reader, it might participate in AhR translocation to promote the function of AhR. Thus, we extracted the protein of the nucleus and cytoplasm of sh-IGF2BP2 or OE-IGF2BP2 PTC cells. The results showed that nucleus AhR protein levels in the sh-IGF2BP2 group were down-regulated, while that in the OE-IGF2BP2 group was up-regulated compared to the control groups (Figure 7I). These data above indicated that IGF2BP2 is a direct target of hsa-miR-4640-5p, involving in the dedifferentiation of PTC, as well as activation of AhR.
sh-circSH2B3 and SR1 Promote Differentiation of PTC by Inhibiting IGF2BP2
To investigate whether sh-circSH2B3 promoted PTC differentiation by targeting IGF2BP2, the impact of IGF2BP2 overexpression on circSH2B3-deficient PTC cells was assessed using the 125I uptake assay (Figure 8A) and 131I colony formation assay (Figure 8B), which demonstrated that high levels of IGF2BP2 could restrict the differentiation effect of circSH2B3-deficient cells. The relative mRNA and protein levels of NIS were also examined in sh-circSH2B3 PTC cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. The relative mRNA and protein levels of NIS increased in sh-circSH2B3 PTC cells but decreased in sh-circSH2B3 PTC cells co-transfected with OE-IGF2BP2 (Figures 8C,D). These findings suggested that IGF2BP2 inhibits the sh-circSH2B3 induced differentiation of PTC.
[image: Figure 8]FIGURE 8 | sh-circSH2B3 and SR1 promote differentiation of PTC via targeting IGF2BP2. (A) 125I uptake in sh-circSH2B3 BCPAP and K1 cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. (B) 131I colony formation in sh-circSH2B3 BCPAP and K1 cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. (C) Relative expression of NIS in sh-circSH2B3 BCPAP and K1 cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. (D) The protein levels of NIS in sh-circSH2B3 BCPAP and K1 cells co-transfected with OE-IGF2BP2-NC or OE-IGF2BP2. (E) The protein levels of IGF2BP2 in BCPAP and K1 cells treated with SR1. (F) 125I uptake in SR1 treated BCPAP and K1 cells co-transfected with sh-IGF2BP2-NC or sh-IGF2BP2. (G) The protein levels of NIS in SR1 treated BCPAP and K1 cells co-transfected with sh-IGF2BP2-NC or sh-IGF2BP2. SR1, StemRegenin 1.
Considering our previous findings indicated that SR1 results in differentiation of PTC cells via inhibiting circSH2B3, and inhibiting circSH2B3 facilitates differentiation of PTC cells via regulating miR-4640-5p/IGF2BP2 axis, we hypothesized that IGF2BP2 might be a target of SR1. As we expected, the use of SR1 (100 nM) reduced the protein levels of IGF2BP2 (Figure 8E). We further hypothesized that suppressing IGF2BP2 would synergize SR1 to obtain a robust differentiation of PTC, therefore, PTC cells were treated with SR1 (100 nM) and transfected with sh-IGF2BP2. The 125I uptake assay and the protein levels of NIS revealed that targeting IGF2BP2 enhanced the differentiation effect of SR1 in PTC cells, as anticipated (Figures 8F,G). These findings imply that SR1 induces differentiation of PTC by targeting IGF2BP2.
DISCUSSION
Strategies for increasing NIS expression and restoring 131I are of critical for RR-PTC management (Ravera et al., 2017). In this work, we initially confirmed that AhR level was associated with differentiation level of PTC and AhR antagonists promoted differentiation of PTC. Mechanistically, the AhR antagonists suppressed the activity of circSH2B3/miR-4640-5p/IGF2BP2 axis to enhance the differentiation of PTC, which may be of great value for providing new targets for the differentiation therapy of PTC. Figure 9 shows the functioning model.
[image: Figure 9]FIGURE 9 | A proposed model that AhR antagonist promotes differentiation of PTC via regulating circSH2B3/ miR-4640-5p/IGF2BP2 axis.
AhR antagonists prevent the receptor from translocating into the nucleus, where it releases the chaperone complex and heterodimerizes with the ARNT. AhR antagonists have been proven to be antioncogenic roles in several cancers, including lung, head and neck, and oral cancers etc. (DiNatale et al., 2011; DiNatale et al., 2012; Kolluri et al., 2017). Previous research found that AhR was overexpressed in thyroid cancer, particularly in BRAFV600E mutant ones, and it participated in thyroid cancer initiation and progression by regulating the establishment of an immunosuppressive tumor microenvironment and the epithelial to mesenchymal transition (Moretti et al., 2020). BRAFV600E-mediated MAPK/ERK signaling may up-regulate AhR expression, thus enhancing CYP2S1 transcription, whereas CYP2S1 in turn enhances transcriptional activity of AhR through its metabolites. This AhR/CYP2S1 feedback loop strongly amplifies oncogenic role of BRAFV600E in thyroid cancer cells (Li et al., 2020). The high expression of AhR in thyroid cancer, as well as its oncogenic function in thyroid cancer, prompted us to investigate whether inhibiting AhR nuclear translocation by AhR antagonists induces differentiation of PTC. As anticipated, AhR level was closely associated with the 131I uptake of lesions. Furthermore, inhibiting AhR activity with particular antagonists offered a possible direction of differentiation therapy in PTC cells, as shown by increased 125I uptake and NIS expression. Although our findings were obtained in vitro, we propose AhR-impairment as a novel approach for inducing differentiation of PTC.
The biological process of AhR is explained by a variety of underlying processes. In the present study, we focused on the differentially expressed circRNAs that contributed to cell differentiation to investigate the AhR antagonist induced differentiation of PTC. CirRNAs are a novel class of endogenous RNAs that are generated by non-canonical back-splicing events, exerting a role in gene transcription and translation (Lei et al., 2020). Several circRNAs, such as circRUNX1 (Chu et al., 2021), circDOCK1 (Cui and Xue, 2020), circFNDC3B (Wu et al., 2020) etc. are implecated in PTC progression. In this study, we discovered that the down-regulated circRNA—circSH2B3, derived from SH2B3, is the primary contributor to the AhR antagonist induced differentiation of PTC.
CircRNAs execute their biological function by competitively reducing the account of active miRNA in a ceRNA-dependent manner (Kristensen et al., 2019). miRNAs are a large family of posttranscriptional regulators of gene expression that regulate numerous developmental and cellular processes in eukaryotic organisms (Krol et al., 2010). In this study, hsa-miR-4640-5p exhibited a high binding capacity with circSH2B3, which was validated by qRT-PCR and luciferase, and was found to play a significant role in AhR antagonist induced differentiation. Previously, hsa-miR-4640-5p was shown to directly bind to the 3′-UTR region of eIF5A mRNA, inhibiting the expression of eIF5A in non-small cell lung cancer (Liu et al., 2021). In our study, IGF2BP2 was identified as a target gene of hsa-miR-4640-5p via bioinformatics analysis, qRT-PCR and luciferase. Accumulating evidence highlights the significance of IGF2BP2 as a key regulator of cancer.
IGF2BP2 is an m6A reader, serving as a posttranscriptional regulatory factor (Hu et al., 2020). It predominantly localizes in the cytoplasm, where it can bind to the target mRNAs to enhance their mRNA stability (Bell et al., 2013), and mediate their translation spatially and temporally (Cao et al., 2018). Based on the TGCA database, IGF2BP2 expression was notably up-regulated in thyroid cancer relative to normal tissues (Wang et al., 2020). IGF2BP2 knockdown suppressed cell proliferation, migration, invasion, and induced cell apoptosis of thyroid cancer via by reducing the expression of long non-coding RNA HAGLR (Dong et al., 2021). In this study, differentiation of PTC was enhanced after IGF2BP2 knockdown which was shown as increase of 125I uptake and NIS expression. Conversely, IGF2BP2 overexpression hampered the differentiation of PTC. Importantly, IGF2BP2 knockdown synergized the differentiation effect of AhR antagonist. Additionally, controlled by the nuclear export signals in the KH domains, IGF2BP2 can transport target transcripts out of the nucleus (Nielsen et al., 2003). We discovered IGF2BP2 suppression decreased the amount of AhR protein levels in nucleus, whereas, IGF2BP2 overexpression increased AhR protein levels in nucleus. The nuclear translocation of AhR in response to ligands may be directly linked to transcriptional activation of target genes. The released metabolic products after AhR activation may further influence the differentiation of PTC, which needs research in the future study.
CONCLUSION
Our findings firstly demonstrated that AhR antagonist can promote the differentiation of PTC via inhibiting differentiation associated circRNA circSH2B3. As a sponge of hsa-miR-4640-5p, circSH2B3 could up-regulate expression of IGF2BP2, and induce dedifferentiation of PTC. Collectively, our findings provide a new treatment strategy for differentiation of PTC by AhR antagonist, and circSH2B3/miR-4640-5p/IGF2BP2 network may be a potential target for differentiation therapy of PTC and deserves further clinical research.
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Gastric cancer and colorectal cancer are malignant tumors found in the human gastrointestinal tract. Bidirectional communication between tumor cells and their microenvironment can be realized through the transmission of exosomes—small, cell-derived vesicles containing complex RNA and proteins. Exosomes play an important role in the proliferation, metastasis, immune response, and drug resistance of cancer cells. In this review, we focus on the role and application of exosomes in gastric and colorectal cancer. We also summarize the role of exosomes secreted by different types of cells in tumor development and as drug carriers in cancer treatment.
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INTRODUCTION
Gastric and colorectal cancer are globally-important diseases with high molecular and phenotypic heterogeneity (Smyth et al., 2020). Gastric cancer can be caused by a variety of genetic and epigenetic mutations, and Helicobacter pylori is also an important pathogenic factor (Uemura et al., 2001). The tumor microenvironment has a strong influence on the survival and treatment response of gastric cancer patients (Quail and Joyce, 2013). At present, early diagnosis of gastric cancer remains problematic because clinical symptoms often only appear in the late stages of cancer development, which significantly limits treatment options (Maconi et al., 2008). Colorectal cancer is the fourth most deadly cancer in the world; its etiologies include eating habits, old age, and smoking (Dekker et al., 2019). Colorectal cancer is normally treated with adjuvant therapy after surgical resection. However, the risk of subsequent cancer recurrence and metastasis remains high, and it is often related to resistance to traditional therapies such as chemotherapy and radiation (Jänne and Mayer, 2000). As gastric and colorectal cancers are associated with high morbidity and mortality, research into new targeted therapies is urgent.
Recent studies have shown that exosomes can be used as targeted drug carriers. Exosomes are small endocytic vesicles secreted by most cells (Théry et al., 2002), the diameters of which range between 40 and 100 nm. Exosomes have been found to be able to deliver bioactive molecules or other substances to specific recipient cells for intercellular communication (Figure 1). Increasing numbers of studies have indicated that exosomes are important nanomaterials that can regulate essential biological behaviors through intercellular transmission (Yang et al., 2019). They also play an important role in the pathogenesis of many diseases, including cancer, as they are involved in the apoptosis of tumor cells, the proliferation and migration of cancer cells, regulation of the tumor microenvironment, and angiogenesis (Nabariya et al., 2020). Because of these characteristics, exosomes can also be used as an efficient targeted drug delivery system in cancer treatment.
[image: Figure 1]FIGURE 1 | Exosome contains DNA, RNA, protein and other substances for cellular component communication. Exosomes can also be used as delivery vectors of drugs, ncRNA, siRNA and inhibitor.
REGULATION OF EXOSOMES DERIVED FROM CANCER CELLS ON GASTRIC CANCER AND COLORECTAL CANCER
Exosomes play an important role in the communication between tumor cells themselves and between the tumor and its microenvironment. Exosomes can transfer many types of biomolecules, including DNA, RNA, and protein. Exosomes derived from cancer cells affect the biological characteristics of recipient cells and change the tumor microenvironment by transmitting these bioactive molecules to regulate the tumor’s development process. Noncoding RNA (ncRNA), including microRNA, circRNA, and lncRNA, is one of the most important bioactive molecules which does not encode protein and perform their biological functions at the RNA level.
Studies have shown that miR-15b-3p is highly expressed in exosomes secreted by gastric cancer cells and miR-15b-3p can be transferred by exosomes to enhance migration, invasion, and proliferation; it also inhibit the apoptosis of gastric cancer through the DYNLT1/caspase-3/caspase-9 signaling pathway (Wei et al., 2020). Exosomal miR-25-3p from colorectal cancer promotes cancer development by inducing vascular permeability and angiogenesis (Zeng et al., 2018). In addition, exosomal circSHKBP1 regulates the miR-582-3p/HUR/VEGF pathway, thereby promoting the progression of gastric cancer (Xie M. et al., 2020). Studies have also shown that exosomal lncRNA 91H promotes the proliferation of colorectal cancer by changing HNRNPK expression (Gao et al., 2018).
Exosomes also deliver cancer-related molecules that can influence the chemotherapeutic resistance of recipient cells. Cisplatin is one of the most effective and commonly used of the basic chemotherapy drugs for advanced gastric cancer treatment (Keehn and Higgins, 1981). Studies have shown that exosomes from cisplatin-resistant gastric cancer can enhance gastric cancer cells resistance to cisplatin by delivering miR-500a-3p. Therefore, exosomal miR-500a-3p could potentially be used to predict and eliminate chemotherapy-resistant gastric cancer cells (Lin et al., 2020). Research has also shown that p-STAT3-containing exosomes contribute to 5-FU resistance in colorectal cancer cells (Zhang et al., 2019).
Protein is an important component of exosomes, and exosomes have been shown to regulate the liver microenvironment by delivering EGFR to promote liver metastasis of gastric cancer (Zhang et al., 2017). Furthermore, exosomal ANGPTL1 has been shown to alleviate liver metastasis in colorectal cancer by reprogramming Kupffer cells and reducing MMP9 expression (Jiang et al., 2021).
In addition to acting as cell-to-cell transporters, cancer-derived exosomes have also been widely used as biomarkers in cancer diagnosis. Tumors of unknown primary origin can be classified by extracting tumor-type specific proteins that are contained in exosomes from tissues and plasma. Therefore, exosomal proteins can be used as reliable biomarkers for cancer detection and classification (Hoshino et al., 2020). Other research has revealed that exosomal piRNAs in serum may be a biomarker for the diagnosis and monitoring of gastric cancer metastasis (Ge et al., 2020). LncRNA HOTTIP has been found to be significantly up-regulated in gastric cancer cell exosomes; it could be used as a new biomarker for determining the diagnosis and prognosis of gastric cancer (Zhao et al., 2018). Further to this, studies have indicated that exosomal circRNA-PNN is a potential biomarker of colorectal cancer (Xie Y. et al., 2020).
These results suggest that tumor-derived exosomes can promote cancer progression and influence drug resistance through ncRNA transmission. Moreover, tumor-derived exosomes can be used as biomarkers for cancer; this indicates that tumor-derived exosomes may be used to diagnose and treat gastric and colorectal cancer.
REGULATION OF EXOSOMES FROM OTHER CELLS ON GASTRIC CANCER AND COLORECTAL CANCER
Exosomes derived from cancer cells play an important role in intracellular communication, treatment and diagnosis of gastric and colorectal cancers. Similarly, other types of cell-derived exosomes in the tumor microenvironment are important for cancer progression (Figure 2). Cancer-associated fibroblasts (CAFs) are the main components of tumor stroma; they can influence tumor development and drug resistance by secreting exosomes. Studies have shown that exosomal miR-139 from CAFs can inhibit the progression and metastasis of gastric cancer by reducing MMP11 (Xu et al., 2019). Furthermore, miR-34 in exosomes secreted by CAFs can inhibit gastric cancer cell proliferation and invasion both in vivo and in vitro (Shi et al., 2020). Other research has found that exosomes delivery of miR-590-3p by CAFs can improve radioresistance of colorectal cancer by regulating the CLCA4-dependent PI3K/Akt signaling pathway (Chen X. et al., 2021). Moreover, CAFs can also enhance colorectal cancer drug resistance through exosomes delivery of lncRNA H19 (Ren et al., 2018).
[image: Figure 2]FIGURE 2 | Different types of cell-derived exosomes in the tumor microenvironment can deliver various substances to tumor cells, thereby affecting tumor cell development.
Tumor-associated macrophages (TAMs) are macrophages that infiltrate tumor tissue; they are the most abundant immune cells within the tumor microenvironment (Zhang Y. et al., 2018). Studies have shown that exosomes down-regulate PTEN and inhibit apoptosis by delivering TAMs-derived miR-21; they also improve cisplatin resistance in gastric cancer cells (Zheng et al., 2017). Research has also indicated that exosomes derived from M1 macrophages carry miR-16-5p; this activates the T-cell immune response through PD-L1 and inhibits gastric cancer proliferation (Li et al., 2020). In addition, exosomes derived from mouse TAMs have been shown to be associated with Th1/M1 polarization, inflammation, and enhancement of immune response in colorectal tumors (Cianciaruso et al., 2019). In M2 macrophage-derived exosomes, miR-21-5p and miR-155-5p were highly expressed, which mediated the migration and invasion of colorectal cancer cells (Lan et al., 2019).
Mesenchymal stem cells (MSCs) have the ability to self-replicate and they have strong differentiation potential, which means they can contribute to the formation of the tumor microenvironment and they can interact with cancer cells (Poggi and Giuliani, 2016). Exosomes derived from human umbilical cord mesenchymal stem cells (hUMSCs) that contain miR-6785-5p inhibit both gastric cancer angiogenesis and metastasis by inhibiting INHBA expression (Chen Z. et al., 2021). Moreover, exosomes derived from MSCs in gastric cancer tissues can deliver miR-221 to gastric cancer cells, thereby promoting their proliferation and migration (Wang et al., 2014). Studies have revealed that GARP knockdown MSCs inhibit the proliferation and invasion of mouse colorectal cancer cells through exosomes (Xing et al., 2020). It has also been shown that exosomes from bone marrow-derived mesenchymal stem cells (BMSCs) can promote stem cell-like characteristics of colorectal cancer through miR-142-3p (Li and Li, 2018).
Proteins delivered by CAFs, TAMs, and MSCs through exosomes are also important mediators of tumor and tumor microenvironment regulation. Studies that used proteomic analysis of CAFs and serum-derived exosomes have identified QSOX1 as a marker for non-invasive colorectal cancer detection (Ganig et al., 2021). TAM-derived exosomes have also been found to promote migration of gastric cancer cells by delivering functional apolipoprotein E (Zheng et al., 2018), and BMSCs exosomes with p53 deletion can regulate the Wnt/β-catenin pathway by transferring UBR2 to target cells, which promotes the growth and metastasis of gastric cancer (Mao et al., 2017). As can be seen from the above studies, CAFs, TAMs, and MSCs are important components of the tumor microenvironment; they cooperate with the cancer cells to regulate the tumor’s growth environment.
THERAPEUTIC EFFECTS OF EXOSOME-CARRYING DRUGS ON GASTRIC CANCER
Recent studies have indicated that exosomes are the promising carrier of anticancer drugs and that exosome-based therapy may be an efficient and beneficial approach during cancer treatment. Exosomes have good biocompatibility, specificity, and low immunogenicity, and since they can be easily internalized by cells, they can effectively deliver drugs to cancer cells. The proteins and lipid compositions of tumor-derived exosomes are similar to those of the cells that secret them. (Sun W. et al., 2018), and report shows that exosomes from cancer cells are specifically taken up by the same type of tumor tissue or cell. If the tumor-derived exosomes are injected into the body, the exosomes will eventually return to the original tumor tissue. The tumor-targeting ability of tumor cell-derived exosomes may be related to the expression of integrin (Qiao et al., 2020). Because of this characteristic, tumor-derived exosomes are natural vectors that have great potential for targeted delivery of antitumor drugs. Studies have constructed nano aspirin exosome drug delivery systems that can effectively deliver aspirin to the tumor site in vivo; this induces apoptosis and autophagy of colorectal cancer cells, thus producing a good tumor treatment effect (Tran et al., 2019). In other study, exosomes were isolated from A33-positive LIM1215 cells and loaded with doxorubicin (DOX) to target A33-positive colorectal cancer cells. The results revealed that DOX-loaded exosomes have good tumor-targeting ability; they could also inhibit colorectal cancer growth (Li et al., 2018). In addition, researchers have loaded DOX into exosomes secreted by MSCs, which effectively inhibited colorectal tumor growth (Bagheri et al., 2020). Furthermore, there is evidence shown that exosomes coated with oxaliplatin and PGM5-AS1 can reverse drug resistance in colorectal cancer cells and inhibit their growth (Hui et al., 2021).
In addition to being used to package drugs, exosomes can also be used to deliver biological molecules for RNA-based therapeutic strategies. Hepatocyte growth factor (HGF) can promote the growth of tumor cells and blood vessels. HGF siRNA can be transported to cancer cells using exosomes, which can down-regulate expression of HGF, thereby inhibiting the proliferation and migration of gastric cancer cells (Zhang H. et al., 2018). Furthermore, exosomes can be used as nanoparticles to deliver anti-miR-214 and down-regulate the expression of miR-214 in gastric cancer cells, which can reduce cisplatin chemotherapy resistance in gastric cancer and inhibit tumor growth (Wang et al., 2018). Other research has shown that delivering c-Met siRNA via exosomes can promote cell apoptosis, inhibit tumor growth in vivo, and reduce gastric cancer cisplatin resistance (Zhang et al., 2020). It has also been reported that exosomes can be used to simultaneously deliver 5-FU and miR-21 inhibitors to colorectal cancer cells; researchers found that the constructed exosomes had significant anti-tumor effects both in vivo and in vitro (Liang et al., 2020). Furthermore, exosomes loaded with miR-128-3p from normal intestinal FHC cells have been found to be able to inhibit the expression of MRP5, thereby improving the colorectal cancer cells’ sensitivity to oxaliplatin (both in vivo and in vitro) (Liu et al., 2019).
Tumor-derived exosomes have been shown to be able to target tumors, and exosomes can be used to directly package anticancer drugs and deliver them specifically to gastric and colorectal tumors to inhibit tumor development. They can also use regulatory mechanisms to inhibit the growth of cancer cells or reverse drug resistance by deliver biomolecules such as siRNA.
DISCUSSION
Gastric and colorectal cancer are common and significant cancers worldwide that cause high morbidity and mortality rate (Athauda et al., 2019). Therefore, it is urgent to develop new diagnostic and therapeutic methods. Increasing numbers of studies indicate that exosomes are involved in various stages of cancer progression and can influence its overall course (Bebelman et al., 2018). For example, exosomes regulate tumor progression due to their ability to communicate between cells and deliver various substances. The contents related to exosomes and cancer regulation introduced in this review mainly include ncRNAs (miRNA, lncRNA, circRNA, piRNA) and proteins, and the role of exosomes includes regulating tumor microenvironments and affecting tumor proliferation, metastasis, and drug resistance (Mashouri et al., 2019). Exosomes secreted by different cells also have different functions and characteristics. In the case of gastric and colorectal cancer cells, they have been shown to promote the proliferation and invasion of their own cancer cells through exosomes and to make the surrounding environment more suitable for tumor growth. Moreover, exosomes secreted by tumor cells can be better ingested by the same type of tumor cells, which indicates that they can be used to carry treatment drugs. In addition, other cells in the tumor microenvironment, such as CAFs, TAMs, and MSCs, have a bidirectional molecular transfer process with tumor cells. In some cases, these cells can promote tumor growth, while in other cases they can deliver substances that inhibit tumor growth. This suggests that the tumor-inhibiting effects can be produced by regulating the tumor microenvironment.
Depending on exosome specificity, exosomes can selectively deliver drugs to specific tumor cells with the advantages of high efficiency and low toxicity (Wu et al., 2021). However, only a few studies have examined the application of exosomal delivery drugs for gastric cancer and colorectal cancer. Moreover, exosomes are rich in miRNAs, which can alter the fate of tumor cells by influencing the expression of related miRNAs in tumor cells (Sun Z. et al., 2018). Studies have found new types of RNA, such as piRNA and tsRNA, in addition to miRNA, lncRNA, and cicrRNA. There have only been a few investigations into the existence and function of these types of ncRNA in gastric cancer and colorectal cancer exosomes. Therefore, although the treatment of exosomes has shown great application prospects in gastric and colorectal cancers, many challenges remain before we can use exosomes in the clinical treatment of cancer. For example, information is still needed regarding the detailed mechanisms of exosomes in cancer cells, the isolation of a large number of exosomes, their precise detection, and the drug loading efficiency and preservation methods of exosomes. In an attempt to improve the safety and quality of exosome engineering in the clinical application of treatments for both gastric and colorectal cancer, it is imperative that further studies be carried out to determine how to improve drug delivery methods and the targeting effect of exosomes.
CONCLUSION
Exosomes play an important role in the occurrence and development of gastric and colorectal cancer, and substances such as miRNA that are contained in exosomes can affect tumor progression. Due to their biological characteristics, exosomes can be used for targeted transport of tumor drugs. Therefore, it is reasonable to presume that exosomes can be modified for use as biomarkers, vaccines, and drug carriers to develop more effective clinical diagnosis and treatment strategies for cancer.
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Osteosarcoma (OS) is the most common primary bone sarcoma, chemoresistance becomes an obstacle to its treatment. Metabolic reprogramming is a hallmark of malignancy, targeting the metabolic pathways might provide a reasonable therapeutic strategy for OS. Here we demonstrated that Ailanthone (AIL), a major component of the Chinese medicine Ailanthus altissima, significantly suppressed OS cell growth in vitro and in vivo. Furthermore, AIL dose-dependently inhibited cell migration and invasion, induced cell cycle arrest and apoptosis in OS cells. Combined transcriptomics, proteomics and metabolomics analyses revealed that AIL induced widespread changes in metabolic programs in OS cells, while the serine biosynthetic pathway (SSP) was the most significantly altered pathway. qRT-PCR and Western blot assay confirmed that the transcript and protein levels of the SSP genes (PHGDH, PSAT1 and PSPH) were downregulated dose-dependently by AIL. In addition, we found out that many downstream pathways of the SSP including the one-carbon pool by folate, purine metabolism, pyrimidine metabolism, DNA replication and sphingolipid metabolism were downregulated after AIL treatment. In the revere test, PHGDH overexpression but not exogenous serine supplementation clearly attenuated the effects of AIL on OS cells. Taken together, AIL exerts antitumor effects on OS through mediating metabolic reprogramming, at least in part, by suppressing the SSP. Our findings suggest that AIL could emerge as a potential therapeutic strategy in OS.
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Introduction

Osteosarcoma (OS) is the most common primary bone sarcoma, affecting mainly adolescents and young adults (1). The survival of patients with OS has improved considerably with the advent of multi-drug chemotherapy regimen including high-dose methotrexate, doxorubicin, cisplatin and ifosfamide since the late 1970s (2). However, frequent acquisition of drug-resistance becomes an obstacle to its treatment, patients who do not respond to chemotherapy have an overall survival of only 20-25% at 5 years (3, 4). During the past 30 years, OS therapy and prognosis had only modest improvements (5). New alternative anticancer agents for OS are in urgent need.

Metabolic reprogramming is a hallmark of malignancy (6). This metabolic alteration allows tumors to achieve excessive cell growth, proliferation, metastasis potential, as well as drug-resistance (7). Ongoing studies have revealed that the origin and development of OS are associated with alterations in metabolic pathways. For instance, OS cells have higher mitochondrial biogenesis compared to normal osteoblasts (8). Metabolic shift from oxidative phosphorylation to glycolysis promotes proliferation in osteosarcoma (9) while a higher glycolysis rate of OS cells confers to their cisplatin-resistant property (10). Recent studies reported that activation of the serine biosynthetic pathway (SSP) drives oncogenesis and contributes to tumor growth (11–13). The upregulation of the first rate-limiting enzyme of the SSP, 3-phosphoglycerate dehydrogenase (PHGDH), has been identified in a large subset of cancers (13–20). OS cell lines including Saos-2, U2-OS, MG63, MNNG and NOS1 were found to have significantly higher PHGDH protein expression than that of mesenchymal cells. Clinically, higher PHGDH protein expression was correlated with poorer outcomes (21). Given the important role of metabolic reprogramming in OS, targeting the metabolic pathways might provide a new therapeutic strategy for this disease.

In this study, we identified that Ailanthone (AIL), a quassinoid extracted from the traditional Chinese medicine plant Ailanthus altissima (22), exhibited significant antitumor activity in OS in vitro and in vivo. Mechanistically, combined transcriptomics, proteomics and metabolomics analysis revealed that AIL induced widespread changes in metabolic programs in OS cells. In particular, the SSP was the most significantly affected pathway by AIL treatment. Moreover, many downstream pathways of the SSP were downregulated. In the reverse test, PHGDH overexpression clearly reduced the inhibitory effects of AIL on OS cells, revealing a mechanistic link between AIL and the SSP. Overall, our findings indicate that AIL suppresses OS cell growth through mediating metabolic reprogramming, suggesting that AIL could be used as a promising therapeutic candidate in OS treatment.



Materials and Methods


Cell Culture and Proliferation Assay

Human Saos-2 and U-2OS OS cells were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cell lines were routinely cultured in DMEM (#8119283, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, #10270-106, Gibco), 100 μg/mL streptomycin, and 100 U/mL penicillin at 37°C in an incubator with a constant airflow of 5% CO2 and 95% O2. As for reverse test, the above-mentioned medium was supplemented with extra 400 μM serine (#GA10157, GlpBio Technology, CA, USA) in the serine supplementation group. AIL (#GC31742, molecular weight, 376.4, purity > 98.00%, GlpBio Technology) was dissolved to 10mM in dimethyl sulfoxide (DMSO, #D4540, Sigma-Aldrich, St. Louis, MO, USA) and stored at -80°C. The final concentrations were 0.039-10 μM. Cell proliferation assay was performed using Cell Counting Kit-8 (CCK-8, #96992, Dojindo Molecular Technologies, Dojindo, Japan). The absorbance value was measured at a wavelength of 450 nm, with the reference wavelength set at 630 nm. Data were collected from three independent experiments, and the AIL-induced cell growth inhibition rate was calculated by comparison to untreated control cells.



Wound Healing Assay

The migration ability of OS cells was detected using a wound healing assay as outlined previously (23). Briefly, OS cells in a 6-well plate were carefully scratched using 10 μL sterile pipette tips. Subsequently, the cells were washed twice and were cultured in DMEM with different concentrations (0, 0.01, 0.05 and 0.1 μM) of AIL for 24 h. Images were then taken to determine the width of the wound using a microscope (10× objective) (1×71, Olympus).



Transwell Assay

Transwell assays were performed using Boyden chambers (Corning Inc., Corning, NY, USA) as previously described (24). Briefly, OS cells were treated with AIL at various concentrations for 24h. Next, 1×105 cells viable cells (confirmed by trypan blue exclusion) from each well were seeded in serum-free medium onto the Matrigel-coated upper chamber, while complete medium was added in the lower compartment as a chemoattractant. After incubation of 24 h, the cells that migrated through the filter were fixed and stained (23). The invading cells were evaluated in five random fields under the microscope, and images were obtained.



Apoptosis Analysis

OS cells were seeded in 6-cm plates and incubated with different concentrations of AIL. After 24 h, all the cells including the floating and adherent ones were harvested and stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) apoptosis detection kit (#556547, BD Biosciences Pharmingen, San Diego, CA, USA) according to the manufacturer’s protocols. The resulting fluorescence was assessed by fluorescence-activated cell sorting scan (FACS) flow cytometry (Becton Dickinson, Mountain View, CA, USA) as reported previously (25).



Cell Cycle Analysis

After being treated with different concentrations of AIL for 24 h, the OS cells were harvested and fixed with 70% ethanol overnight at -20°C and stained with PI. The DNA content was detected using a FACS flow cytometry (Becton Dickinson) according to the manufacturer’s protocols. The cell cycle distribution was determined using FlowJo software 8.7.1 (Tree Star, Inc., Ashland, OR, USA).



TMT-Based Quantitative Proteomics

Tandem mass tag (TMT)-based quantitative proteomic analysis was carried out on Saos-2 cells treated with IC50 (0.20 μM) of AIL or DMSO for 24 h (3 biological replicates each group). A schematic description of the experimental design and data process strategy is presented in Figure 5A. SDT (4%SDS, 100mM Tris-HCl, 1mM DTT, pH7.6) buffer was used for cell lysis and protein extraction. Quantitative proteomic analysis was performed at Shanghai Applied Protein Technology Co., Ltd as described previously (26). Briefly, 100 μg peptide of each sample was labeled using TMT-6-plex Isobaric Label Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Then, the labeled peptides were separated into 10 fractions using the High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific). Each fraction was separated with EASY-nLC 1000 Liquid Chromatograph (Thermo Fisher Scientific) and then subjected to LC-MS/MS analysis on a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific) for 60 min. The MS raw data for each sample were searched using the MASCOT engine (version 2.2, Matrix Science, London, UK) embedded into Proteome Discoverer 1.4 software (Thermo Fisher Scientific) against the SwissProt human proteome database (20395 items, released on 2021.01.06) concatenated with reverse decoy database for identification and quantitation analysis. All identified proteins were determined using a false discovery rate (FDR) threshold of ≤ 0.01. The methods for protein quantification were as followed: first, the ratio of label signals was output and calculated as a ratio to the reference sample; secondly, the necessary normalization on protein median was performed to eliminate experimental error utilizing Correcting Experimental Bias function with built-in settings in Proteome Discoverer 1.4 software (Thermo Fisher Scientific); finally, the protein is quantified based on the median of the relative intensity of the unique peptide of each protein.



RNA-Seq Analysis

Cell culture and AIL treatment were the same as those in quantitative proteomic analysis. RNA samples were prepared using TRIzol (#15596026, Invitrogen) and subjected to RNA-seq analysis by Genome Center, WuXi App Tec as reported previously (27). Generally, 1 μg of qualified RNA (RIN > 8.0) was used as input for library construction following the Illumina TruSeq RNA Sample Preparation protocol. Then, RNA libraries were sequenced on an Illumina NovaSeq 6000 platform, PE 2×150bp. The average data yield for each sample was 20M PE reads with % of Q30 bases > 90. Subsequently, RNA-seq reads of each sample were aligned to the human genome (build 38) using short reads aligner STAR (version 2.5.1b). Gene annotation and quantification were then performed using RSEM24 with GENCODE annotation (release 24: http://www.gencodegenes.org).



Untargeted Metabolomic Relative Quantitative Analysis

Untargeted metabolomics profiling of Saos-2 cells treated with AIL or DMSO was performed using ultra-high-performance liquid chromatography (1290 Infinity LC, Agilent Technologies, USA) coupled with a quadrupole time-of-flight system (AB Sciex TripleTOF 6600, AB SCIEX, USA) at Shanghai Applied Protein Technology Co., Ltd. Briefly, the cell samples were collected in 15-mL Vacutainer tubes and then centrifuged for 15 minutes. Aliquots of the samples were stored at −80°C for use. Then the samples were thawed at 4°C, and 100-μL aliquots were mixed with 400 μL of cold methanol/acetonitrile (1:1, v/v) to remove the protein. The mixture was centrifuged for 20 minutes. The supernatants were dried in a vacuum centrifuge. Detailed experimental procedures for mass spectrometry and data process methods are described previously (28). After normalization to the total peak intensity, the data were exported to the SIMCA-P software for multivariate data analysis to screen for differential metabolites.



qRT-PCR Assay

The mRNA levels of PHGDH, phosphoserine aminotransferase 1 (PSAT1) and phosphoserine phosphatase (PSPH) were detected using a PrimeScript RNA RT-PCR Kit (#Q711-03, Vazyme Biotech co., ltd, Nanjing, China) according to the manufacturer’s protocol. The primer pairs are shown in Table 1. The relative mRNA levels were calculated using the 2−ΔΔCt method.


Table 1 | The qRT-PCR primers.





Western Blot Assay

Expression of proteins in OS cells was quantified using a BCA Protein Assay Reagent Kit (#23228, Thermo Fisher Scientific) as described previously (23). The rabbit polyclonal cleaved-Caspase-3 (#9664), BCL-2 (#3498), BAX (#5023), cyclinD1 (#55506) and CDK4 (#12790) antibodies were purchased from Cell Signaling Technology (Boston, USA). The PHGDH (#14719-1-AP), PSAT1 (#10501-1-AP) and PSPH (#14513-1-AP) antibodies were purchased from Proteintech Group, Inc. (Chicago, IL, USA), and the band density was quantified using ImageJ software 1.8.0 (National Institutes of Health, Bethesda, MD, USA).



Construction of the Plasmids and Transfection

The PHGDH overexpression pcDNA3.1 plasmid was constructed by Genechem Co., Ltd. (Shanghai, China). The plasmid was transfected into Saos-2 and U-2OS cells using Lipofectamine 3000 (#L3000015, Invitrogen) following the manufacturer’s protocol.



Mice Xenograft Experiment

The animal study was performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals approved by the Scientific Investigation Board of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. 5×106 Saos-2 cells were suspended in 75 μL serum-free DMEM and combined with 75 μL of Matrigel (#356235, Corning, NY, USA), and then the mixture was injected into the right hind thigh of 6-8 weeks NOD-Prkdcscid Il2rgem1/Smoc (NSG) mice (Model organisms center, Shanghai, China). Cell line-derived xenografts were allowed to grow to an average volume of 100 mm3, then mice were intraperitoneally injected with AIL (2mg kg-1) or DMSO (as controls) every 3 days. Length and width of resulting tumors as well as weight of mice were measured every 5 days, and tumor volumes were calculated using the formula (length×width2)/2. Mice were sacrificed and tumors were harvested 30 days after treatment initiation.



Bioinformatics Analysis and Statistics

For proteomics analysis, Perseus software (v1.6.5.0) was used. Differentially ex-pressed proteins (DEPs) were filtered at P < 0.05 and with a fold change of ≥ 1.2 or ≤ 0.83. Gene Ontology (GO) annotation for DEPs was performed using the DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/). Moreover, proteome and transcriptome data were subjected to Gene Set Enrichment Analysis (GSEA) separately based on the whole gene set with the rank list of all the available expression values. C2.cp.kegg from the Molecular Signatures Database (MSigDB, v7.4) were selected as gene sets for the KEGG pathway enrichment analysis. Significantly enriched pathways were selected at a level of 0.05 norminal P-value and 0.25 FDR q-value. Subsequently, enriched pathways from proteome and transcriptome data were combined to determine the pathway that was most significantly affected by AIL treatment.

For metabolomics data, differentially expressed metabolites were determined using an unpaired Student’s t-test. The variable importance in the projection (VIP) value >1 and P < 0.05 was considered as statistically significant. The above-obtained metabolites were blasted against the online KEGG database to retrieve their Compounds and were subsequently subjected to enrichment analysis. Only pathways with P-values under a threshold of 0.05 were considered as significantly changed pathways.

The non-omics data analysis was performed using GraphPad Prism 7 (GraphPad Software Inc., CA, USA). P values were two-tailed, and P < 0.05 was considered statistically significant. Continuous variables are presented as the mean ± SD.




Results


AIL Inhibited Proliferation, Migration and Invasion of OS Cells In Vitro

The proliferation assay revealed that AIL significantly inhibited the proliferation of Saos-2 and U-2OS cells in a dose and time-dependent manner (Figure 1A). The IC50 at 24 h was determined to be 0.20 and 0.13 μM for the Saos-2 and U-2OS cells, respectively. Wound healing assays and Transwell assays were performed to determine the migratory and invasive abilities of OS cells. As shown in Figures 1B, D, compared with the migration rates of the control group, the migration rates of the Saos-2 and U-2OS cells treated with AIL were decreased dose-dependently. In the Transwell assay, AIL dose-dependently suppressed OS cell invasion (Figures 1C, D).




Figure 1 | AIL inhibited proliferation, migration and invasion of OS cells. (A) After exposure to various concentrations (0.039-10 µM) of AIL for 24 h and 48h, the viability of Saos-2 and U-2OS cells was assessed with a CCK-8 assay. The cell viability decreased dose- and time-dependently. (B) After incubation with various concentrations of AIL, the wound healing assay indicated that AIL impaired wound healing dose-dependently. (C) Transwell assays showed that the invasion rates of OS cells decreased dose-dependently in the AIL groups. (D) Comparisons of the migration rates and relative invasion rates between the AIL and control groups are shown (***P < 0.001 compared with the control).





AIL Suppressed Subcutaneously Xenografted OS Tumor Growth

To evaluated the efficacy of AIL in vivo, we treated Saos-2 xenografts in nude mice with AIL every 3 days. As a result, AIL significantly inhibited the increase of tumor volume in Saos-2 xenografts (Figure 2A). Mice were sacrificed after treatment, the mean tumor volume in AIL-treated mice was significantly lower than that in DMSO-treated mice (Figures 2B, C). In addition, there was no significant difference in mice weight between the two groups (Figure 2D), indicating that the dose of AIL was well tolerated.




Figure 2 | AIL inhibited subcutaneously xenografted tumor growth. (A) Saos-2 tumor-bearing mice were treated with AIL or DMSO intraperitoneally. The tumor volumes were measured every 5 days, growth curves for tumor proliferation were drawn accordingly (***P < 0.001). (B, C) Mice were sacrificed and tumors were harvested (30 days after treatment), the mean tumor volume in AIL-treated mice and DMSO-treated mice was 2739 ± 796 mm3 and 760 ± 282 mm3, respectively (***P < 0.001). (D) There was no significant difference in mice weight between the two groups.





AIL Induced Apoptosis and Cell Cycle Arrest in OS Cells

Since AIL showed a significant inhibitory effect on OS cell growth both in vitro and in vivo, we next explored the mechanism of action. As a result, AIL induced apoptosis in Saos-2 and U-2OS cells dose-dependently, which was supported by the downregulation of BCL-2 protein and upregulation of cleaved-Caspase-3 and BAX protein by Western blot assay (Figure 3). Cell cycle analysis showed that the S phase was significantly decreased, while the G1 phase was significantly increased in Saos-2 and U-2OS cells after AIL treatment (Figures 4A, B). G1-S transition related protein cyclinD1 and CDK4 were downregulated dose-dependently (Figures 4C, D). The results indicated that AIL blocked G1-S transition in OS cells in a dose-dependent manner.




Figure 3 | AIL induced apoptosis in OS cells. (A) Saos-2 and U-2OS cells were, respectively, treated with AIL at different concentrations (0, 0.1, 0.2 or 0.4 μ M) for 24 h. Then cells were stained with Annexin V-FITC and PI and then subjected to flow cytometry analysis of cell apoptosis. (B) Data of the percentage of apoptosis at various concentrations were pooled from (A). (C) Apoptosis protein analysis. The protein levels of cleaved-Caspase-3, BCL-2 and BAX was determined by Western blot assay. (D) The protein levels were evaluated by ratio values quantified from protein bands of each marker versus GAPDH (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control).






Figure 4 | AIL blocked G1-S cell cycle transition in OS cells. (A) Cell cycle profiles were measured by flow cytometry following treatment of the cells with various concentrations of AIL (0, 0.1, 0.2 or 0.4 μ M) for 24 h. (B) The S phase was significantly decreased, while the G1 phase was significantly increased in Saos-2 and U-2OS cells after AIL treatment (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control). (C) The expression of cell cycle-related protein CyclinD1 and CDK4 was determined by Western blot assay. (D) The protein levels were evaluated by ratio values quantified from protein bands of each marker versus GAPDH (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control).





Treatment With AIL Led to Widespread Changes in Metabolic Programs

To investigate the possible network related to the inhibitory effect of AIL on OS cells, we performed a comparative proteomic analysis in Saos-2 cells treated with AIL or DMSO. In total, 6860 unique proteins (5684 proteins identified with at least two peptide fragments) were identified with high confidence (FDR ≤ 0.01). Among them, 6831 proteins were quantifiable (5674 proteins were quantifiable with at least two peptide fragments). 899 DEPs (342 upregulated and 557 downregulated, Supplementary Table 1) were filtered at P < 0.05 and fold change ≥ 1.2 or ≤ 0.83. The classification of DEPs by GO database annotation showed that 617 (68.6%) proteins are involved in the metabolic process (Figure 5B), suggesting that AIL treatment leads to widespread changes in metabolic programs in OS cells. To identify the specific signaling pathways in detail, GSEA was performed. As a result, 28 KEGG pathways were significantly enriched (Figure 5C). Furthermore, we performed RNA-Seq analysis to interrogate changes at transcript level in OS cells exposed to AIL. GSEA analysis revealed that 30 KEGG pathways were significantly enriched (Figure 5D). Then we combined the significantly enriched pathways from proteome and transcriptome data, we found out that 7 KEGG pathways were common (Figure 5E). Among the 7 common pathways, the serine biosynthetic or metabolic pathway was the pathway most significantly changed (Figures 5C–G). Notably, the GSEA Blue-Pink O’gram (Figure 5H) revealed that PHGDH, PSPH and PSAT1, the three rate-limiting enzymes in SSP, are the top three downregulated proteins. These bioinformatic results suggested that the SSP is a key target of AIL in OS cells. Serine is a precursor to folate, which is the principal donor of one-carbon units (29, 30), it serves as a major source of metabolic intermediates that are required for nucleotide synthesis. Serine is also the precursor to sphingolipids (29, 31–33). Interestingly, GSEA results indicated that the one-carbon pool by folate, DNA replication and sphingolipid metabolism pathways were among the 7 common pathways downregulated by AIL treatment (Figures 5E, I–K). These data further support the connection between the effects of AIL and the SSP.




Figure 5 | Proteomics and transcriptomics analysis of AIL treated Saos-2 cells identified the SSP as a key target. (A) Schematic overview of proteomics and transcriptomics analysis of Saos-2 cells treated with AIL or DMSO. (B) Gene ontology (GO) annotation showed that 617 (68.6%) out of the 899 differentially expressed proteins are involved in metabolic process. (C) GSEA of proteome data, showing the top 20 significant altered KEGG pathways after AIL treatment. (D) GSEA of transcriptome data, showing the top 20 significant altered KEGG pathways after AIL treatment. (E) Details of the 7 common KEGG pathways from proteome and transcriptome data. (F) Volcano plot of the global profile of proteins after AIL treatment, marked black proteins are involved in the serine biosynthetic or metabolic pathway. (G) Volcano plot of the global profile of mRNA after AIL treatment, marked black genes are involved in the serine biosynthetic or metabolic pathway. (H) Enrichment plot and Blue-Pink O’gram of the glycine, serine and threonine metabolism pathway from proteome and transcriptome data. (I) Enrichment plots of the KEGG one-carbon pool by folate pathway from proteome and transcriptome data. (J) Enrichment plots of the KEGG DNA replication pathway from proteome and transcriptome data. (K) Enrichment plots of the KEGG sphingolipid metabolism pathway from proteome and transcriptome data.





Treatment With AIL Led to Reduced SSP Expression

To validate the changes of SSP expression induced by AIL, we measured the expression of mRNA and protein of the SSP in Saos-2 and U-2OS cells using qRT-PCR and Western blot assay, respectively. In line with the RNA-Seq-based gene expression, all of the PHGDH, PSAT1 and PSPH mRNA was downregulated significantly in both of the two cell lines after AIL treatment (Figure 6A). Similarly, protein expression of each enzyme in the SSP was confirmed to be downregulated by AIL dose-dependently (Figures 6B, C).




Figure 6 | Treatment with AIL led to reduced SSP expression. (A) qRT-PCR revealed that the PHGDH, PSAT1 and PSPH mRNA levels were downregulated by AIL dose-dependently in Saos-2 and U-2OS cells (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control). (B) The expression of PHGDH, PSAT1 and PSPH protein was downregulated by AIL dose-dependently in Saos-2 and U-2OS cells. (C) Data of relative protein level were pooled from three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control).





Treatment With AIL Led to Reduced Intermediate Metabolites of the SSP and Its Downstream Pathways

Since the above-mentioned data suggested that the effects of AIL are associated with changes in metabolic programs, untargeted metabolomics with high resolution, high throughput, and highly sensitive technology was performed to execute a large‐scale detection of the metabolite features after AIL treatment (Figure 7A). As shown in Figure 7B, 21 KEGG pathways were significantly enriched, out of which, 13 were involved in metabolism and Supplementary Table 2. To be noted, glycine serine and threonine metabolism was one of the pathways that are changed the most. And then, we asked about the change of intermediate metabolites of the SSP. As expected, the relative levels of 3-phosphohydroxypyruvate, 3-phosphoserine and serine in OS cells were reduced significantly after AIL treatment (Figures 7A, C). Serine is important in metabolism in that it participates in the biosynthesis of purines, pyrimidines and sphingolipids. Interestingly, the intermediate metabolites of the downstream pathways of the SSP including the purine metabolism, pyrimidine metabolism and sphingolipid metabolism were also downregulated significantly (Figure 7C). These results are in line with the data at mRNA and protein levels. Taken together, we proposed that AIL inhibited proliferation, migration and invasion of OS cells by downregulating the SSP, further downregulating the pathways of one-carbon pool by folate, purine metabolism, pyrimidine metabolism, DNA replication and sphingolipid metabolism (Figure 7D).




Figure 7 | Treatment with AIL led to reduced intermediate metabolites of the SSP and its downstream pathways. (A) Volcano plot of the global profile of metabolites after AIL treatment, marked black metabolites are involved in the serine biosynthetic or metabolic pathway. (B) KEGG enrichment of differentially expressed metabolites, showing 21 significantly enriched pathways after AIL treatment. (C) Fold-changes in the intermediate metabolites of the SSP and its downstream pathways (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control). (D) Proposed schematic overview of the antitumor mechanism of AIL in OS.





Overexpression of PHGDH but Not Exogenous Serine Supplementation Reversed the Effects of AIL on OS Cells

To further determine the functional importance of the SSP in AIL effects, the PHGDH in OS cells were overexpressed by the treatment with IC50 of AIL (Figures 8A, B). Besides, we supplemented exogenous serine in the media to explore if downregulation of serine biosynthesis by AIL can be compensated for with exogenous serine. As expected, the viability of Saos-2 and U-2OS cells significantly increased in the PHGDH overexpression group compared with that in the negative control group. However, the inhibitory effect of AIL on OS cell proliferation can’t be reversed by exogenous serine supplementation. Moreover, exogenous serine supplementation didn’t affect the reverse effect of PHGDH overexpression (Figure 8C). Similarly, the wound healing assay and Transwell assay revealed that overexpression of PHGDH but not exogenous serine supplementation attenuated the suppression of AIL on the migration and invasion of OS cells (Figures 8D–F). These data demonstrated that AIL suppresses OS cells through downregulating the serine de novo biosynthesis but not exogenous serine importation.




Figure 8 | Overexpression of PHGDH but not exogenous serine supplementation reversed the effects of AIL on OS cells. (A, B) Overexpression efficiency of PHGDH was verified by qRT-PCR and Western blot assay. (C) OS cells were assigned to five groups: negative control (NC) treated with DMSO (DMSO + NC), NC treated with AIL (AIL + NC), PHGDH overexpression treated with AIL (AIL + PHGDH), NC treated with AIL and serine (AIL + NC + Serine), PHGDH overexpression treated with AIL and serine (AIL + PHGDH + Serine). The viability ratio of Saos-2 and U-2OS cells in the AIL + PHGDH group and AIL + PHGDH + Serine group but not in the AIL + NC + Serine group was significantly higher than that in the AIL + NC group (**P < 0.01, ***P < 0.001 compared with the DMSO + NC group, ###P < 0.001 compared with the AIL + NC group). (D) The wound healing assay revealed that overexpression of PHGDH but not exogenous serine supplementation reversed the suppressive effect of AIL on the migration of OS cells. (E) The Transwell assay demonstrated that overexpression of PHGDH but not exogenous serine supplementation reversed the suppressive effect of AIL on OS cell invasion. (F) Comparisons of the migration rates and relative invasion rates between the NC group and the other groups are shown (***P < 0.001, nsP > 0.05).






Discussion

In the past decade, an increasing number of studies have focused on AIL due to its antitumor activity in a variety of malignances, including leukemia, lung, breast, gastric, liver and prostate cancer (22, 34–38). However, the effects of AIL on OS remain largely unexplored. In this study, we found that AIL dose-dependently inhibited cell proliferation, migration and invasion while inducing G1-S cell cycle arrest and apoptosis in Saos-2 and U-2OS cells. Our results were similar to that of researches in gastric and liver cancer (37, 38).

The antitumor mechanism of AIL differs a lot in different cancer types (39). To explore the underlying networks that are regulated by AIL in OS cells, we performed combined transcriptomics, proteomics and metabolomics analysis. The results revealed that AIL induced widespread changes in metabolic programs in OS cells. In particular, AIL treatment led to significantly reduced SSP at transcript, protein, as well as metabolite levels. Then we selected the SSP for further validation, not only because the SSP was the pathway most significantly affected by AIL, but also because the SPP was confirmed to be abnormally activated in OS and serine is a central hub of cancer metabolism (21). The SSP represents a crucial turning point in glucose conversion (40). It converts the glycolytic intermediate, 3-phosphoglycerate, to serine via three sequential enzymes PHGDH, PSAT1 and PSPH. Serine is then converted to glycine, concomitantly charging the folate pool with one-carbon units (29, 30, 41–43). Both glycine and folate one-carbon units are used to make nucleotides. Serine is also required for the synthesis of sphingolipids, a major component of cellular membranes (31–33). Moreover, serine biosynthesis affects cellular antioxidative capacity, thus maintaining tumor homeostasis (11, 20). Hyperactive SPP frequently enables cancer cells to survive and proliferate irrespective of the availability of exogenous serine (44, 45).

In the subsequent experiments, the transcript and protein levels of the SSP genes (PHGDH, PSAT1 and PSPH) were confirmed to be downregulated dose-dependently by AIL in OS cells using qRT-PCR or Western blot assay. To validate the key role of the SSP, the reverse test was performed. As expected, after overexpressing PHGDH, the suppression of AIL on OS cell proliferation, migration, and invasion was clearly reduced. We reason that inhibition of de novo serine biosynthesis causes failure to fuel the subsequent DNA synthesis and cellular membrane production, which are essential to cancer proliferation. This proposed mechanism was further supported by the downregulation of several downstream pathways of the SSP and the cell cycle arrest in OS cells after AIL treatment. Similarly, Ni et al. reported that AIL inhibited non-small cell lung cancer cell growth through repressing DNA synthesis (35). Proliferating cells can import serine exogenously or through de novo serine biosynthesis via the SSP. However, we found that exogenous serine supplementation didn’t reverse the effects of AIL on OS cells. We then asked why PHGDH inhibition cannot be compensated for with exogenous serine, one possible explanation is the relatively low-baseline mRNA expression of the serine transporter SLC1A5 in OS cells, as shown in data from the Cancer Cell Line Encyclopedia (46). Indeed, the detailed mechanistic understanding of why some cancer cells are addicted to serine synthesis despite the availability of extracellular serine for import remains unclear (47).

The importance of the metabolic pathways is underlined in OS by the fact that the inhibitor of dihydrofolate reductase methotrexate is one of the most effective chemotherapeutic agents for OS (48). Given the feasibility of regimens targeting the folate pathway in OS, inhibition of the upstream SSP deserves to be explored as a possible replacement for the toxic high-dose methotrexate, especially for patients who do not benefit from methotrexate.

In summary, our study demonstrated that AIL significantly inhibited OS cell proliferation, migration and invasion through targeting metabolic pathways, at least in part, by suppressing the SSP. AIL is worthy to be further explored as a candidate for the treatment of OS.
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Accumulating evidence indicates that RNA methylation, as the most common modification of mRNA, is of great significance in tumor progression and metastasis. Colorectal cancer is a common malignant tumor of the digestive system that seriously affects the health of middle-aged and elderly people. Although there have been many studies on the biological mechanism of the occurrence and development of colorectal cancer, there are still major deficiencies in the diagnosis and prognosis of colorectal cancer. With the deep study of RNA methylation, it was found that RNA modification is highly related to colorectal cancer tumorigenesis, development and prognosis. Here, we will highlight various RNA chemical modifications including N6-methyladenosine, 5-methylcytosine, N1-methyladenosine, 7-methylguanine, pseudouridine and their modification enzymes followed by summarizing their functions in colorectal cancer.
Keywords: colorectal cancer, RNA modification, RNA methylation, N6-methyladenosine, 5-methylcytosine, N1-methyladenosine, 7-methylguanine, circular RNA
INTRODUCTION
With the fourth modality rate among all diseases, colorectal cancer (CRC) is one of the most commonly seen tumors of the gastrointestinal tract, and its incidence is the highest in developed countries (Brody, 2015; Bray et al., 2018; Siegel et al., 2020). At present, colorectal cancer is gradually tending to be younger (Akimoto et al., 2021). The pathogenesis of colorectal cancer is complex and diverse, which may be led by an unhealthy diet, obesity, lack of exercise, and microbial infection. Long-term exposure to these risk factors affects the intestinal microbiota and host immunity, resulting in genetic and epigenetic alterations in colorectal epithelial cells, ultimately predisposing them to colorectal cancer (Brody, 2015; Akimoto et al., 2021). The progression of colorectal tumors from adenoma to colorectal cancer is a multi-step pathological process of tumorigenesis that takes about 10 years. Abnormal mutations, accumulation of proto-oncogenes and tumor suppressor genes play a huge part in this process which includes heritable changes in the genome with changes in the basic nucleotides of DNA and stable inheritance of unchanged nucleotide sequences that cause changes in gene expression and function, that is, epigenetics (Sjöblom et al., 2006; Markowitz and Bertagnolli, 2009).
Epigenetic modifications are dynamically reversible and heritable, including DNA methylation, histone modifications, chromatin remodeling, microRNAs (miRNAs) and noncoding RNAs (ncRNAs) which are of great importance in the progression and metastasis of colorectal cancer (Huang et al., 2021a). Recently, major breakthroughs have been made in the research on DNA omics and proteomics in the occurrence and development of tumors, and the epigenetic modification at the RNA level has also attracted the attention of many researchers (Skvortsova et al., 2019; Sivanand and Vander Heiden, 2020; Mobet et al., 2022; Wishart, 2022).
RNA modifications play a key regulatory role in gene expression (Helm and Motorin, 2017; Wu et al., 2021). In recent years, over 170 RNA chemical modifications have been discovered, involving both coding and noncoding RNAs (Boccaletto et al., 2022). In eukaryotic, the most abundant modification found is N6-methyladenosine (m6A), which is considered as eukaryotic characteristic internal modification since its discovery in the 1870s (Gilbert et al., 2016; Davalos et al., 2018). RNA is not only an intermediate or effector molecule in protein synthesis but also has direct functional effects on gene expression through a variety of other noncoding RNAs. Dynamic modification of RNA enables cells to respond rapidly to changes in the external environment, and the ability to adapt to changing microenvironments (such as stimuli and stress) is critical for tumor cell survival. Recent research has demonstrated that RNA modification has become a main emerging regulator in cancer by regulating various RNA metabolic processes (Cui et al., 2017; Barbieri and Kouzarides, 2020; Miano et al., 2021). More and more evidence has shown that the abnormal expression of various m6A regulatory proteins plays a role in promoting or suppressing tumors in human tumors (Nombela et al., 2021). Abnormal changes in RNA modification are often functionally related to cell proliferation, differentiation, stress adaptation, invasion and resistance to chemotherapy. Therefore, targeting abnormal RNA modifications in cancer cells is expected to be an effective way to treat tumors.
In this review, we will summarize the biological characteristics of various RNA modifications, including m6A, m5C, N1-methyladenosine, 7-methylguanine, pseudouridine and their roles in the occurrence and development of colorectal tumors by providing a basis for further search for biomarkers and therapeutic targets.
m6A Modification and Colorectal Cancer
m6A methylation modification is a common RNA methylation modification on the 6th N of adenine. It is a dynamically reversible post-transcriptional modification that is most abundant in mRNA and noncoding RNA (Figure 1). The modification of m6A occurs mainly in the RRACH sequence motif (where R = A or G, H = A, C, or U) and is significantly enriched in the mRNA 3′UTR as well as CDS regions (Dominissini et al., 2012; Meyer et al., 2012). m6A is involved in multiple processes of RNA metabolism, including post-transcriptional splicing, translation efficiency and stability maintenance, and is essential in normal physiological processes such as growth and development, learning and memory, and is also involved in regulating the response to body heat shock (Zhou et al., 2015; Shi et al., 2018; Wang et al., 2018). It is also crucial for tumor development and tumor immune drug resistance (Han et al., 2019). m6A modification is regulated by methyltransferases, demethylases, and methyl-recognition proteins as a post-translational RNA modification. Among them, methyltransferase catalyzes the modification of adenylate by m6A in RNA, which is composed of various proteins such as METTL3 (methyltransferase like 3), METTL14 (methyltransferase like 14), WTAP (Wilms tumor 1 associating protein) (Frye et al., 2018; Shi et al., 2019) and KIAA1429 (Liu et al., 2014). The core proteins of demethylase include FTO (fat mass and obesity-associated protein) and ALKBH5 (Alkb homolog 5), which can demethylate bases that undergo a modification of m6A, which is also the cause of dynamic reversibility. Methylation recognition proteins can recognize and bind to m6A-modified bases, and regulate biological processes such as RNA degradation and stabilization, nuclear export, and translation efficiency. Given their functional characteristics, these proteins are called “writer,” “eraser,” and “reader” (Zaccara et al., 2019).
[image: Figure 1]FIGURE 1 | Schematic diagram of RNA m6A methylation mechanism. m6A modification is a dynamic and reversible process, which could be regulated by writers (WTAP, METTL3/14, KIAA1429, VIRMA and RBM15), erasers (FTO and ALKBH5) and readers (eIF3, YTHDCs, YTDFs and IGF2BPs).
In recent years, m6A modification has gradually become the hot field in studying colorectal tumorigenesis, development and metastasis. m6A modifications have widely altered the expression of certain colorectal tumor-associated genes. Abnormally expressed writer protein, eraser protein, and reader protein, by regulating the level of m6A in different RNAs, affects the function of downstream pathways, such as the classical pathway related to colorectal tumorigenesis and apoptosis, the Wnt pathway and the Hippo pathway, and plays pro- or anti-cancer effects (Chen et al., 2020a; Xu et al., 2020a; Chen et al., 2020b).
It was found that METTL3 expression was increased in tumor tissues of colorectal cancer patients, and the higher its expression, the worse the prognosis of patients (Zhou et al., 2021a; Chen et al., 2021). METTL3 regulates the expression of various oncogenes and tumor suppressor genes at the post-transcriptional level to enhance the progression of colorectal cancer. Overexpression of METTL3 represses SOCS2 and promotes LGR5 promoter activity to maintain cell proliferation in colon cancer cells (Xu et al., 2020b). Knockdown of METTL3 can inhibit the development of colorectal cancer significantly. Research have suggested that METTL3 targets the YPEL5 m6A modification site to inhibit its expression and promote the progression of colorectal cancer (Zhou et al., 2021a). On the other hand, METTL3 stabilizes its expression level by methylating the m6A site of the CCNE1 3′UTR mRNA to increase the expression of the cyclin E1 to promote colorectal cancer cell proliferation (Zhu et al., 2020). Furthermore, a group found that the m6A methyltransferase METTL3 promoted the malignant proliferation of colorectal cancer cells by directly or indirectly upregulating MYC expression (Xiang et al., 2020). In an indirect mechanism, it was found that METTL3 may upregulate MYC expression through the WNT, TGF-β and other signaling pathways. The expression of MYC was also found to be recognized by IGF2BP1 and its stability was enhanced dependent on m6A-IGF2BP1. In addition, METTL3 increases the expression of PTTG3P through an m6A/IGF2BP2-dependent mechanism and regulates the PTTG3P/YAP1 axis to induce colon cancer cell proliferation and promote colon cancer progression (Zheng et al., 2021). METTL3 also regulates the progression of colorectal cancer by affecting the metabolism of tumor cells. Shen et al. found that the m6A methyltransferase METTL3 regulates the expression levels of HK2 and SLC2A1 by regulating m6A expression and stabilizing m6A under the action of the methyl-binding protein IGF2BP, which further promotes the activation of the glycolytic pathway, inducing malignant proliferation of colorectal cancer cells (Shen et al., 2020). Another study has confirmed that METTL3 carries out m6A modification on GLUT1 mRNA to improve its mRNA stability and translation level, and promote glucose metabolism and colorectal cancer occurrence (Chen et al., 2021). Through the regulation of the m6A-GLUT1-mTORC1 axis, METTL3 is actively involved in the proliferation of colorectal cancer, and simultaneous inhibition of mTORC1 and METTL3 has an additive effect on the treatment of colorectal cancer. In addition to the effects on cell proliferation, METTL3 also has relations with the progression and metastasis of colorectal cancer. Peng et al. (2019) demonstrated that the overexpressed m6A methyltransferase METTL3 in colorectal cancer can increase miRNA-1246 expression by upregulating the methylation level of pri-miR-1246, and further lead to tumor metastasis by downregulating the expression of the metastasis-related suppressor gene SPRED2. In addition, it was found that SPRED2 regulates colorectal cancer metastasis through the MAPK signaling pathway. Research has suggested that MAPK can regulate the epithelial-mesenchymal transition (EMT) process, thus impacting tumor metastasis (Huang et al., 2021b). Li et al. (2019) shown that METTL3 regulates the progression and migration of colorectal cancer by increasing the methylation level of SOX2 and enhancing the stability of methylated SOX2 through an m6A-IGF2BP2-dependent mechanism. It was also found that the tumor-suppressing METTL3 had low expression level in colorectal tumor, and it lost its inhibitory effect on p38/ERK in the MAPK signaling pathway and promoted colorectal cancer migration (Deng et al., 2019). In sum, METTL3 modulates the expression and function of various target molecules in a m6A-modified manner to affect the proliferation, apoptosis, metabolism, invasion and metastasis of colorectal cancer cells. Therefore, specific targeting of METTL3 has important application prospects in the treatment of colorectal cancer.
In contrast, another m6A writer protein, METTL14, expressed at a low level in colorectal cancer. The higher the expression of METTL14, the longer the overall survival of the patients, and overexpression of METTL14 can suppress the metastasis and progression of colorectal cancer (Chen et al., 2020b). METTL14 knockout was shown to reduce the level of m6A of its downstream target SOX4, resulting in reduced recognition of the modified SOX4 mRNA by YTHDF2, thus increasing SOX4 gene expression and promoting the SOX4-mediated EMT process and activity of the PI3K/AKT signaling pathway, leading to malignant progression of colorectal cancer (Chen et al., 2020a). This was also confirmed in another study in which the researcher found that the suppression of METTL14 can enhance the progression and metastasis of colorectal cancer (Wang et al., 2021). Tumor-associated macrophages (TAM) can inhibit the antitumor activity of T cells, but the mechanism is not clear. A recent study found that in colorectal cancer patients’ tumor tissue, the expression of METTL14 was negatively correlated with CD8+ T cell infiltration (Dong et al., 2021). Reduced expression of METTL14 in TAM subset C1q + cells can promote colon cancer cell growth and impede CD8+ T cell infiltration. It was further found that the reduction of Ebi3 expression level in C1q + cells can restore the anti-tumor killing ability of CD8+ T cells, while the loss of METTL14 expression can reduce the m6A modification level of Ebi3 mRNA in C1q + cells and promote the increase of its transcription level. Therefore, increasing the expression of METTL14 in TAM subset C1q + cells can promote CD8+ T cell infiltration and antitumor effects (Dong et al., 2021).
The third writer protein WTAP has been shown to have tumor-promoting action in many malignancies, including liver cancer, gastric cancer and osteosarcoma (Chen et al., 2019a; Li et al., 2020a; Chen et al., 2020c; Zhou et al., 2021b; Feng et al., 2021). In colorectal cancer, studies have pointed out WTAP is also oncogenic and can promote the progression of colorectal cancer through the WTAP/WT1/TBL1 axis in the canonical Wnt signaling pathway (Zhang et al., 2016a). Another group also suggested the higher expression of WTAP protein in colorectal cancer (Dong et al., 2022). In sum, both the dual role of METTL3 in colorectal tumors and the pro-oncogenic effect of METTL14 and WTAP in other tumors suggest that the m6A modification sites on different downstream target genes are different, which affect the activation status of various signaling pathways they are involved in, and thus play specific roles in tumors. Therefore, the next step in the investigation of m6A modification in the progression of colorectal tumor disease could be how to preserve the oncogenic role of the regulator by using inhibitors or developing new drugs to block its oncogenic signaling in specific signaling pathways.
However, unlike m6A methyltransferase, eraser and reader proteins have been less studied in colorectal cancer. It has been found that FTO is regulated by miR-1266 in the nucleus and initiates cell signaling molecules STAT3, cyclin D1 and MMPs to promote the development of colorectal cancer (Shen et al., 2018; Roslan et al., 2019; Ge et al., 2021). In addition, one group recently found that FTO is regulated by miR-96, which affects the methylation level of MYC and increase the expression of MYC, thus participating in the pro-proliferative and anti-apoptotic effects of miR-96 in colorectal cancer (Yue et al., 2020). While in the cytoplasm, FTO can dynamically regulate m6A modifications to contribute to the stemness of colorectal cancer cells and influence tumor drug resistance (Relier et al., 2021). Preliminary progress has also been made in the mechanism study of another demethylase, ALKBH5, in mediating colorectal cancer metastasis and immunotherapy resistance. The expression of ALKBH5 is downregulated in colon cancer and is associated with tumor metastasis, and it is pointed out that this molecule can be used as an independent predictor of patient prognosis (Yang et al., 2020). This study further confirmed the tumor suppressor effect of ALKBH5 both in vitro and in vivo (Yang et al., 2020). One study found that ALKBH5 can affect the tumor microenvironment of colorectal cancer, thus mediating the resistance of colorectal cancer patients to the anti-PD-1 therapy response (Li et al., 2020b). Meanwhile, ALKBH5 inhibitors can significantly improve immunotherapy efficacy, providing new possibilities for targeted therapy of colorectal cancer, melanoma, and other malignant tumors. Together, these demonstrated that ALKBH5 can not only be used as a breakthrough target for the clinical treatment of colorectal cancer in the future, but also has the potential to become a new biomarker for the patient population. Furthermore, there is still a gap in the study of the functional mechanisms of other members of the Alkb subfamily in colorectal tumors. The search for new molecules related to m6A modification and the study of their mechanisms is still a promising direction worth studying in the future.
Reader protein reads m6A modification sites of key molecules of colorectal tumor signaling pathways, affecting the expression level and RNA stability of these genes. In addition, the reader protein also forms complexes with noncoding RNAs related to colorectal tumors to improve its stability. Transcriptional and translational levels of YTHDF1 are significantly elevated in colorectal cancer patients. One study found YTHDF1 could enhance tumor cell stemness to promote tumorigenesis by inhibiting the canonical Wnt/β-catenin pathway (Bai et al., 2019). Another member of the YTHDF family, YTHDF3, affects colorectal cancer progression by regulating the negative feedback axis of the lncRNA GAS5-YAP-YTHDF3 in the Hippo pathway (Ni et al., 2019). Downregulation of the YTHDC2 gene can significantly inhibit the translation of tumor metastasis-related genes, such as hypoxia-inducible factor-1alpha (HIF-1α), and the high expression of this molecule is positively correlated with tumor stage and colon cancer metastasis (Tanabe et al., 2016).
circRNA is an RNA molecule with a novel structure. In recent years, modification of m6A has also been found in some circRNAs (Figure 2), with functions in the tumor occurrence and progression being reported (Zhao et al., 2019a; Li et al., 2021; Rao et al., 2021). In colorectal cancer, a study reported that circNSUN2 modified with m6A was frequently upregulated in tumor tissue and serum samples from patients with liver metastases of colorectal cancer (Chen et al., 2019b). The results show that after being recognized by YTHDC1, m6A-modified circNSUN2 will be exported to the cytoplasm, contributing to the formation of the ternary complex of circNSUN2-insulin-like growth factor 2 mRNA binding protein. circNSUN2 enhances the stability of HMGA2 mRNA, thereby promoting colorectal cancer invasion and liver metastasis (Chen et al., 2019b). circNSUN2 may become a potential therapeutic target for liver metastases of colorectal cancer.
[image: Figure 2]FIGURE 2 | Regulation of m6A methylation in circRNA. YTHDC1 could promote circRNA nuclear export through binding to m6A methylation sites. The complex of eIF4G2, eIF4, eIF4B and YTHDF3 could initiate the translation of m6A-modified circRNA, and the circRNA could be cleaved by YTHDF2-HRSP12-RNase P/MRP complex.
m5C Modification and Colorectal Cancer
m5C modifications are widely found in mRNA, rRNA, tRNA, and ncRNA, with the greatest abundance in tRNA and rRNA in eukaryotes (Figure 3). Enzymes responsible for RNA m5C modification include NSUN1 to NSUN7 of the NSUN family and DNA Methyltransferase-2 (DNMT2) (Bohnsack et al., 2019; Kuznetsova et al., 2019). NSUN1 and NSUN5 are involved in regulating 28S rRNA m5C modification, while NSUN3 and NSUN4 regulate mitochondrial tRNA and rRNA m5C modification, respectively. NSUN2 and DNMT2 regulate tRNA m5C modification in the cytoplasm, while NSUN7 targets eRNAs. The m5C regulator also functions in some digestive tumors. Studies have shown that the copy number of the NSUN2 gene is significantly increased in colorectal cancer, and the RNA methyltransferase NSUN2 is associated with the oncogene MYC. When the MYC protein is activated, the expression of NSUN2 is also upregulated (Alboushi et al., 2021). To date, no specific m5C methyltransferase inhibitor has been developed. However, studies have shown that azacytidine, as a novel antitumor drug, can reduce the proliferation ability of cancer cells by inhibiting DNMT2-mediated m5C modification, suggesting that reducing m5C modification of tRNA may be an effective cancer treatment strategy (Esteller and Pandolfi, 2017).
[image: Figure 3]FIGURE 3 | Functions of RNA m5C modification in RNA processing and metabolism. DNMT2 and NSUNs could methylate tRNA, rRNA, mRNA and ncRNA; YTHDF1, YBX1 and ALYREF could recognize m5C modification, while TETs could demethelate them.
m1A Modification and Colorectal Cancer
m1A modification means the attachment of a methyl group to the N1 position of RNA adenosine. The modification of m1A can significantly alter the structure of the RNA and the strength of protein-RNA interactions, thus affecting the protein translation process (Wiener and Schwartz, 2021). TRM10 and the TRM6-TRM61 complex mediate m1A modification of tRNA (Xiong et al., 2018; Zhang and Jia, 2018). The presence of m1A modification was also detected in 28S rRNA (Sloan et al., 2017). The YTH protein family can bind to m1A with low affinity, so it is considered as a potential m1A reader (Dai et al., 2018). ALKBH1 and ALKBH3, as demethylases, are involved in the regulation of m1A modification. Abnormal expression of m1A-related regulatory genes in digestive tumors is closely related to patient prognosis. Overexpression of ALKBH1 in colorectal cancer is one of the causative factors of a lower survival rate, as well as low expression of ALKBH3 (Zhao et al., 2019b).
m7G Modification and Colorectal Cancer
The epigenetic modification m7G was originally found to exist within eukaryotic mRNA, tRNA, and rRNA. The most typical enzyme characterizing m7G methylation modification is METTL1. In tRNA, METTL1-WDR4 complex-mediated m7G modification maintains its structural integrity (Lin et al., 2018). The m7G in rRNA is mediated by the Williams-Beuren syndrome chromosome region 22 (WBSCR22), but its role is not fully understood. The m7G modification on rRNA may be involved in ribosome maturation, but has little effect on translation (Haag et al., 2015). The m7G modification within mRNA is enriched at the 5′UTR and is dynamically regulated with stress changes, and its role is to promote the translation process (Malbec et al., 2019). As an important regulator of m7G, METTL1 functions as a tumor suppressor in colorectal cancer (Liu et al., 2020). In addition, overexpression of METTL1 also enhance the chemosensitivity of colorectal cancer cells to cisplatin by regulating the miR-149-3p/S100A4/p53 axis (Liu et al., 2019). These results suggest that maintaining high levels of functional tRNA may be crucial for METTL1 executing function in cancer cells. Although the effect of METTL1 on tRNA may be cancer-promoting, there is no direct evidence that m7G modification plays a role in cancer cells. Another study demonstrated that WBSCR22 expression in colorectal cancer tissues is remarkably increased and upregulated WBSCR22 predicts a poor prognosis in patients (Yan et al., 2017). Knockdown of WBSCR22 can significantly improve the sensitivity of colorectal cancer cells to oxaliplatin, while overexpression of WBSCR22 increases cell resistance. Knockdown of WBSCR22 can increase oxaliplatin-induced intracellular ROS production and ROS-induced accumulation of 8-oxoguanine oxidative damage, which makes cancer cells more susceptible to oxaliplatin treatment (Yan et al., 2017).
Pseudouridine (ψ) Modification and Colorectal Cancer
Pseudouridine is another abundant RNA modification in mRNA, tRNA, rRNA, snRNA, and lncRNA. In human cell lines, the proportion of pseudouridine (ψ) modifications in mRNA and lncRNA is about 30%–84% (Zhang et al., 2019). Pseudouridine is important in regulating the response to environmental stress. The presence of ψ can increase the rigidity of the RNA backbone, affecting its thermodynamic stability and spatial conformation, thus making the structure and function of the RNA more stable. ψ modification is involved in maintaining structural stability in tRNA and in the assembly of ribosomes in rRNA. One of the most studied diseases associated with defective pseudouridine modification is dyskeratosis congenita (DC) caused by inactivating mutations in pseudouridine synthase 1 (DKC1). Deficiency of DKC1 activity results in impaired telomerase activity and impaired mRNA translation, resulting in reduced cell replicative potential and premature senescence. Abnormal mutations in DKC1 are associated with various tumors such as colorectal cancer and hepatocellular carcinoma (McMahon, 2019). In colorectal cancer, reduced ψ modification on rRNA alters translation in cancer cells by affecting its interaction with the ribosomal P site (Babaian et al., 2020).
CONCLUSIONS AND PERSPECTIVES
RNA modification plays an important role as a key post-transcriptional regulator in gene expression, and researchers gradually realize that the functional network of its interaction involves many fields such as metabolism, epigenetics, chromatin remodeling, as well as the immune system. Although research on the epitranscriptome has made great progress, most studies have only focused on the biological functions of m6A modifications in mRNA, and the epitranscriptome includes more than 170 chemical modifications that modify coding and noncoding RNAs. Therefore, the association of hundreds of other RNA modifications with coding and noncoding RNAs remains to be explored. To explore the specific biological functions of various RNA modifications, it is first necessary to develop systematic methods and tools for rapid and quantitative detection of RNA modifications. Most existing sequencing methods are based on second generation sequencing technology, which cannot accurately identify chemical modifications on RNA. When researchers detect specific RNA modifications, they often need to detect RNA modifications using specific antibody-based immunoprecipitation techniques or indirect methods such as chemical labeling and the unique base modification properties of RNA pairings. Although these methods have good feasibility, its reproducibility is still low due to the reasons such as technology and incomplete algorithms. Therefore, future detection technologies and methods for various RNA modifications still need further research and exploration.
To date, treatments for colorectal cancer are still very limited. The rapid development of experimental technologies based on high-throughput sequencing and proteomics provides more possibilities for a deep study of the mechanism of RNA modification in colorectal cancer. In colorectal cancer, the complex of methyltransferase modified by m6A methylation, including METTL3, which plays a major catalytic role, has been thoroughly studied and is involved in the regulation of multiple classical signaling pathways in tumor development and apoptosis. However, there are still few studies on other writer molecules, and the roles of WTAP and METTL16, which can act independently, in colorectal tumors are still unclear. Similarly, eraser and reader proteins have been shown to contribute to the occurrence, development, metastasis and drug resistance of colorectal cancers by regulating classical signaling pathways, such as the Wnt pathway and the PI3K/AKT pathway, as well as changing the m6A modification level of noncoding RNAs, but there is still wide room for improvement in the transformation from basic to clinical. Although m6A methylation modification is abundant at the mRNA level, tumor-associated noncoding RNAs (miRNAs, lncRNAs and circRNAs) are also regulated by m6A methylation and act in the disease progression of colorectal cancer. circRNAs have recently been found to encode polypeptides. Whether m6A modification plays a key role and the specific mechanism has attracted the attention of researchers. Therefore, it is also essential to pay attention to tumor-associated noncoding RNAs. In addition, few eraser proteins have been found and only two more abundantly studied molecules, FTO and ALKBH5. ALKBH3 has been confirmed to have the function of demethylase, but there are still many areas that we have not studied in the Alk homolog family. It is still a research direction to explore whether more members of this family can function as demethylases. There are many types of reader proteins, and it is still unknown that reader proteins specifically read m6A modifications on different RNAs and play different downstream functions.
Various RNA modifications including m6A, m5C and ψ function in the regulation of stem cell function and cell survival under stress. The regulation of these RNA modifications may be of great value in reducing tumor cell chemotherapy resistance and tumor recurrence. The identification of precise epitranscriptomic biomarkers in a specific cell type or tumor microenvironment and the identification of aberrantly modified oncogenic or tumor suppressor effects are of great significance for finding precise molecular targets and developing highly selective and effective therapeutic approaches (Table 1). In the future, precision medicine based on epitranscriptomic signatures may be used for the diagnosis and treatment of colorectal cancer (Figure 4).
TABLE 1 | The main factors of RNA modification.
[image: Table 1][image: Figure 4]FIGURE 4 | Schematic diagram of RNA methylation application in the clinic.
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Patients with colonic adenocarcinoma (COAD) are at relatively high risk of SARS-CoV-2 infection. However, there is a lack of medical strategies to treat COVID-19/COAD comorbidity. Puerarin, a natural product, is a known antiviral, antitumor, and immunomodulatory effect. Therefore, we hypothesised that puerarin could be used to treat COVID-19/COAD patients. Based on network pharmacology and bioinformatics analysis, the potential targets and pharmacological mechanisms of puerarin in COVID-19/COAD were identified. By intersecting therapeutic target genes for puerarin, COVID-19-related genes and COAD-related genes, 42 target genes of puerarin that could potentially treat COVID-19/COAD comorbidity were obtained. By using the 42 potential target genes to construct the protein-protein interaction (PPI) network, we obtained five core target genes, namely RELA, BCL2, JUN, FOS, and MAPK1. The results of bioinformatics analysis revealed that puerarin could be able to treat COVID-19/COAD comorbidity through apoptosis, antiviral, antioxidant, NF-κB signaling pathway, MAPK signaling pathway, IL-17 signaling pathway, TNF signaling pathway, and HIF-1 signaling pathway etc. This study found that puerarin has the potential to treat COVID-19/COAD patients and that the therapeutic target genes obtained in the study may provide clues for the treatment of COVID19/COAD comorbidity.
Keywords: puerarin, COVID-19, COAD, comorbidity, network pharmacology, bioinformatics
INTRODUCTION
Since the emergence of the SARS-CoV-2 virus, COVID-19 has spread rapidly worldwide. The latest data from the World Health Organization show that the cumulative number of confirmed cases and deaths worldwide has been more than 500 million and six million (updated on 05 May 2022). With a global daily average of about 500,000 patients with COVID-19, the situation remains critical for epidemic prevention. Similar to SARS-CoV, SARS-CoV-2 was a highly pathogenic coronavirus, which were mainly transmitted through aerosols or droplets, leading to the development of respiratory diseases and even death (Xu et al., 2020). Due to the small size of droplets and aerosols carrying the SARS-CoV-2 virus, it is difficult to achieve the expected preventive effect (Jayaweera et al., 2020). The common clinical symptoms in most SARS-CoV-2 infected patients were cough and fever, with partial patients also presenting with sore throat, diarrhea, and loss of taste (Giacomelli et al., 2020; Li et al., 2020). However, a few of patients with COVID-19 probably developed acute respiratory failure or acute respiratory distress syndrome, which might even lead to death (Chen et al., 2020). The emergence of the SARS-CoV-2 virus has caused enormous economic and health losses to people around the world. Through the continuous efforts of scientists from around the world, several vaccines and drugs have been used for COVID-19 (Liu et al., 2020; Lazarus et al., 2021). However, there was no significant change in the number of additional COVID-19 patients per day.
Both malignant tumor and COVID-19 are major public health problems worldwide. Colorectal cancer, a common gastrointestinal malignancy, had the third-highest incidence and mortality rate of all cancers in the United States, for both men and women (Siegel et al., 2022). With the rapid development of modern medicine, significant breakthroughs have been made in basic research, early diagnosis, chemotherapy, and targeted therapy for colorectal cancer, yet the survival rate of colorectal cancer patients has not been significantly improved (Durinikova et al., 2021). Colon adenocarcinoma (COAD) is a common malignant tumor among all types of colon cancer, with a high mortality rate and high recurrence rate (Liu, 2021). Due to the lack of specific early diagnostic symptoms and markers, most patients were already at an advanced stage at the time of diagnosis, and the high metastatic rate characteristic of advanced COAD was a major factor in the high mortality rate of COAD patients (Brown and Solomon, 2018). Therefore, exploring the mechanism of COAD pathogenesis, progression, and metastasis and finding effective biomarkers and therapeutic targets can greatly help to improve the survival rate of COAD patients. The latest study found that the vast majority of patients with malignancies are chronically immunosuppressed and therefore more susceptible to SARS-CoV-2 infection than healthy individuals, often resulting in a poorer prognosis (Kamboj and Sepkowitz, 2009; Liang et al., 2020). If patients with COAD are infected with the SARS-CoV-2 virus, it may lead to a worse prognosis. Therefore, it is necessary to find drugs that can be used to treat COVID-19/COAD patients.
Traditional Chinese medicine (TCM), derived from more than 2,000 years of clinical experience, has been a crucial role in the treatment of a variety of epidemics and has made significant contributions to the health of the Chinese people. With the outbreak of COVID-19, combinations of TCM treatment protocols have been widely used in China, achieving better clinical outcomes. In China, more than four-fifths of COVID-19 patients have received TCM treatment (Ren et al., 2020). Pueraria Lobata, one of the commonly used TCMs, has be reportedly used for anti-inflammatory, immunomodulatory, anti-cancer and so on (Wang et al., 2020). Puerarin, as the main active ingredient of Pueraria Lobata, has similar pharmacological effects to Pueraria Lobata. As a potent inhibitor of influenza virus neuraminidase, puerarin could reduce influenza virus titers, decrease respiratory inflammatory responses and diminish mortality (Wang et al., 2021). Puerarin nanosuspension showed good anticancer activity and low toxicity and has the potential to become a therapeutic medicine for patients with COAD (Wang et al., 2013). On this basis, we hypothesized that puerarin might be used for COVID-19/COAD patients. Therefore, network pharmacology and other bioinformatic methods were employed to explore the therapeutic targets and pharmacological mechanisms of puerarin in COVID-19/COAD and to elucidate the potential therapeutic value of puerarin.
MATERIALS AND METHODS
Flowchart of the Study
Figure 1 depicts the entire flow of this study. Firstly, targets associated with COVID-19 were identified though the Gene Expression Omnibus (GEO) dataset and multiple disease-target related databases; then targets associated with COAD were identified by using the TCGA-COAD dataset, the GTEx-colon data dataset, and multiple disease-target related databases; next, multiple drug-target related databases were used to find the therapeutic targets of puerarin. The COVID-19-related targets, COAD-related targets, and therapeutic targets of Puerarin were intersected. Finally, bioinformatics analysis was used to explore the pharmacological mechanisms of puerarin in COVID-19/COAD comorbidity.
[image: Figure 1]FIGURE 1 | Flowchart. This study followed the analytical flow of the flowchart to explore the target genes and molecular mechanisms of puerarin in the treatment of COAD/COVID-19.
Identification of Targets Associated With COVID-19 or COAD
Transcriptome sequencing data from the COVDID-19-related datasets (GSE157103, GSE152075, GSE171110) were downloaded though the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The differentially expressed genes (DEGs) associated with COVDID-19 were filtered according to the filtering criteria (p < 0.05 and absolute value of log fold change >1) by using the “limma” package in R. In addition, we also searched seven authoritative databases containing CTD (http://ctdbase.org/), OMIM (https://omim.org/), DisGeNET (https://www.disgenet.org/), GeneCards (https://www.genecards.org), NCBI (https://www.ncbi.nlm.nih.gov/), TTD (http://db.idrblab.net/), pharmaGKB (https://www.pharmgkb.org/) to further explore genes associated with COVID-19. Gene names obtained from the different databases were harmonized. We considered the genes that appeared at least twice as COVID-19-related genes.
Transcriptome sequencing data from the TCGA-COAD and GTEx-CO datasets were obtained via the UCSC Xena (http://xena.ucsc.edu/) database. DEGs associated with COAD (p < 0.05 and absolute value of log fold change >1) were screened by the R language “limma” package. In addition, CTD, OMIM, DisGeNET, GeneCards, NCBI, TTD, and pharmaGKB databases were used to obtain COAD-associated genes. We considered the genes that appeared at least twice as COAD-related genes.
Identification of Puerarin Therapeutic Targets
To fully explore the therapeutic targets of puerarin, we searched seven authoritative databases related to drug targets: 1) PharmMapper (http://www.lilab-ecust.cn/pharmmapper/); 2) CTD (http://ctdbase.org/); 3) SwissTargetPrediction (http://www.swisstargetprediction.ch/); 4) Drug Gene Interaction Database (DGIdb, https://www.dgidb.org/); 5) TCMSP (https://tcmspw.com/tcmsp.php); 6) STITCH (http://stitch.embl.de/); 7) ECTM (http://www.tcmip.cn/ETCM/). To ensure the accuracy of subsequent analyses, targets that appeared at least twice in the database were considered to be therapeutic target genes for puerarin.
Construction of PPI Network and Analysis of Core Genes
We referred to the intersection of therapeutic target genes for puerarin, COVID-19-related genes and COAD-related genes as target genes of puerarin in COVID-19/COAD comorbidity. The protein-protein interaction (PPI) network was constructed by using the GeneMANIA database (http://genemania.org/). The GeneMANIA database is one of the recognized bioinformatics databases that helps to explain the molecular mechanisms involved in the target proteins. Cytoscape software was used to visualize the degree of target genes and to identify the core genes for puerarin treatment of COVID-19/COAD.
Bioinformatics Analysis
The uniport database was used to convert gene names to gene IDs for subsequent bioinformatic analysis. We called the “enrichGO” and “enrichKEGG” functions in R to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis on the target genes for puerarin treatment of COVID-19/COAD, and the “ggplot2” package in R to visualise the analysis results in R (only displayed the 20 results with the lowest q values). Finally, we used the “circlize” package in R to construct the circos plots showing the results of the top five GO and KEGG enrichment analyses with the corresponding genes.
RESULTS
Identification Results of COVID-19-Related and COAD-Related Targets
The study contained 3 GEO datasets associated with COVID-19: GSE152075, GSE157103, and GSE171110. In the GSE157103 dataset, we included sequencing data from 484 nasopharyngeal swab samples (containing 430 COVID-19 positive patients and 54 COVID-19 negative healthy individuals). In the GSE157103 dataset, we included sequencing data from 126 plasma samples (containing 100 COVID-19 positive patients and 26 COVID-19 negative healthy individuals). In the GSE171110 dataset, we included sequencing data from 54 whole blood samples (containing 44 COVID-19 positive patients and 10 COVID-19 negative healthy individuals). The DEGs in the GEO dataset were searched though the “limma” package in R. 2334, 1316, 3302 DEGs were obtained from the GSE152075, GSE157103, GSE171110 datasets respectively (Figures Figure2A–C). In addition, CTD, OMIM, DisGeNET, GeneCards, NCBI, TTD, and pharmaGKB databases were used to find 9,879, 2, 1843, 4,600, 346, 68, and 0 genes associated with COVID-19, respectively (Figure Figure3A, Supplementary Table S1). In the current study, we considered target genes that appeared in at least two databases to be COVID-19-related genes, resulting in 5968 COVID-19-related genes.
[image: Figure 2]FIGURE 2 | DEGs from COAD patients or COVID-19 patients (p < 0.05 and absolute value of log fold change >1). The red and blue dots represented genes with increased or decreased expression in COVID-19 patients or COAD patients, respectively, while the black dots represented genes with no significant difference in expression between COVID-19 or COAD patients. (A) Volcano plot of DEGs in the GSE152075 dataset. (B) Volcano plot of DEGs in the GSE157103 dataset. (C) Volcano plot of DEGs in the GSE171110 dataset. (D) Volcano plot of DEGs in the TCGA-COAD dataset and the GTEx-CO dataset.
[image: Figure 3]FIGURE 3 | Potential target genes of puerarin in the treatment of COVID-19/COAD comorbidity. (A) Genes associated with COVID-19 from 3 GEO datasets and six databases. (B) Genes associated with COAD from the TCGA-COAD dataset, GTEx-CO dataset, and seven databases. (C) Therapeutic target genes of Puerarin from seven databases. (D) Venn diagram of therapeutic target genes for puerarin, COVID-19-related genes and COAD-related genes.
In this study, the TCGA and GTEx datasets were used to identify DEGs in COAD patients. We combined the data from TCGA-COAD and GTEx-colon and included sequencing data from a total of 349 normal colon samples and 471 COAD samples. The data were analyzed by using the “limma” package in R, resulting in 5,818 DEGs (Figure Figure2D). Through CTD, OMIM, DisGeNET, GeneCards, NCBI, TTD, and pharmaGKB databases, we obtained 29,159, 54, 452, 8,675, 2,260, 3, 56 genes associated with COAD (Figure Figure3B, Supplementary Table S2). We referred to target genes that appeared in at least two databases as COAD-related genes, resulting in 11,755 COAD-related genes.
Identification Results of Puerarin Target Genes
To obtain therapeutic target genes for puerarin, seven databases containing PharmMapper, CTD, SwissTargetPrediction, DGIdb, TCMSP, STITCH, and ECTM were searched, resulting in 268, 124, 102, 2, 53, 26, and six therapeutic target genes respectively (Figure 3C, Supplementary Table S3). The therapeutic target genes were screened by using the presence of at least two databases as a screening condition, resulting in 57 therapeutic targets for puerarin.
Therapeutic Target Genes of Puerarin in COVID-19/COAD
We intersected the therapeutic target genes of puerarin, COAD-related genes, and COVID-19-related genes, and presented them by using Venn diagram (Figure 3D, Supplementary Table S4). We defined these 42 intersecting genes as gene set 1 and used them for subsequent bioinformatics analysis.
PPI Network
We used 42 genes from gene set 1 for PPI network construction. The GeneMANIA database, based on large amounts of genomics and proteomics data, is commonly used for the prediction of gene function and the construction of interactions between genes. In this study, we uploaded gene set 1 to the GeneMANIA database. The results of the analysis were shown in Figure 4A (Supplementary Table S5). The circular nodes represented genes, and the different colors of the node represented gene enriched in different functional analysis results. The different colored lines between the nodes represented the different interactions. The mechanism of puerarin in COVID-19/COAD comorbidity might be related to apoptotic, chemical stress, and oxidative stress. By using Cytoscape software to visualize the degree of each gene in the PPI network (Figure 4B), we found that RELA, BCL2, JUN, FOS, and MAPK1 had the highest degree, suggesting that the five genes might be core targets of puerarin in COVID-19/COAD comorbidity.
[image: Figure 4]FIGURE 4 | PPI network of potential therapeutic target genes of puerarin in the treatment of COVID-19/COAD. (A) The PPI network was derived from the GeneMANIA database. The different relationships between nodes were indicated by the different colored connecting lines. Nodes were enriched in different functions indicated by the colors of the nodes. (B) PPI networks constructed from nodal degree values. The degree of the node was proportional to the depth of the node color.
Results of Bioinformatics Analysis
To investigate the pharmacological mechanism of puerarin in the treatment of COVID-19/COAD, we performed bioinformatic analysis of 42 genes in gene set 1. The “cluster profile” package in R was used to perform enrichment analysis of the BP, CC, and MF aspects of GO (Figures 5A–C, Supplementary Table S6). The results of the top five BP, CC, MF, and KEGG enrichment analyses and the corresponding genes were presented using circus plots (Figures 6A–D). The results of the BP enrichment analysis mainly included regulation of apoptotic signaling pathway, response to the metal ion, response to lipopolysaccharide, response to molecule of bacterial origin, regulation of neuron death, productive system development, peptidyl-serine modification, and so on. The results of the CC enrichment analysis found that gene set 1 was mainly involved in caveola, plasma membrane raft, myelin sheath, mitochondrial outer membrane, pseudopodium, organelle outer membrane, protein-DNA complex, and so on. The results of the MF enrichment analysis found that gene set 1 mainly involved MAP kinase activity, phosphatase binding, NF-κB binding, ubiquitin-protein ligase binding, coenzyme binding, histone deacetylase binding, tyrosine kinase activity, etc.
[image: Figure 5]FIGURE 5 | GO and KEGG enrichment analysis of potential therapeutic target genes of puerarin for COVID-19/COAD (only the 20 pathways with the smallest p-values were shown). (A), (C) and (E) The results of BP, CC, and MF term enrichment analysis, respectively. (B), (D) and (F) The results of correlation analysis of BP, CC, MF term enrichment analysis, respectively. (G) The results of KEGG enrichment analysis. (H)The results of correlation analysis of KEGG enrichment analysis.
[image: Figure 6]FIGURE 6 | Top five enrichment analysis results and corresponding genes. (A), (B) and (C)The top five results of BP, CC, MF enrichment analysis and corresponding genes. (D) The top five results of KEGG enrichment analysis and the corresponding genes.
In addition, the results of the KEGG pathway enrichment analysis mainly included Apoptosis, Colorectal cancer, IL-17 signaling pathway, TNF signaling pathway, Human immunodeficiency virus 1 infection, HIF-1 signaling pathway (Figure 5D, Supplementary Table S7).
DISCUSSION
The SARS-CoV-2 virus has been spreading globally for more than 2 years and has not yet shown signs of improvement, yet we still lack effective drugs against COVID-19. However, in China, protocols that combine Chinese medicine with Western medicine to treat patients with COVID-19 have achieved excellent results. Clinical studies have found that TCM treatment can reduce the rate of severe disease, decrease the use of antibiotics and alleviate clinical symptoms including fever and cough (Huang et al., 2021; Zhang et al., 2021). Cumulatively, one in twenty people worldwide has been infected with the SARS-CoV-2 virus, and patients with COAD are more susceptible to SARS-CoV-2 virus infection than healthy individuals due to their chronically depressed immune system. Based on the antiviral and anticancer properties of puerarin, we combined bioinformatics and network pharmacology approaches to investigate the target genes and mechanisms of puerarin in the treatment of COVID-19/COAD (Wei et al., 2014).
We analyzed data from open databases and defined the 42 potential target genes of puerarin in the treatment of COVID-19/COAD as gene set 1. Through the GeneMANIA database to construct a PPI network and perform functional analysis, we found that gene set 1 mainly has the functions of chemical stress, apoptosis, and oxidative stress. Chemical stress in the body might trigger adverse drug reactions, and adverse reactions during the treatment of COAD patients often led to the inability of patients to tolerate subsequent treatment (Mutter et al., 2015). Apoptosis isthe normal physiological process that occurs within the body in a state of relative equilibrium. Disruption of this balance may lead to disease. A high number of apoptotic cells, for example, could lead to degenerative disorders, whereas a low number of apoptotic cells could contribute to tumor growth and progression (Wong, 2011). But apoptosis is a double-edged sword, and induction of apoptosis in tumor cells is one of the therapeutic mechanisms for tumor patients. Abnormal differentiation and apoptosis of T cells, one of the hallmarks of severe COVID-19, led to immune dysfunction in patients (Leonardi and Proenca, 2020). Persistent oxidative stress might lead to chronic inflammation, which in turn led to the development of diseases including cancer, lung disease, and diabetes (Reuter et al., 2010). Studies have confirmed that oxidative stress is positively related to the incidence of COAD (Barrett et al., 2017). SARS-CoV-2 virus induces the abnormal oxidative stress response in humans, which in turn can lead to the development of the respiratory syndrome and even death in patients. Therefore, drugs that improve the oxidative stress status of patients may improve prognosis and reduce mortality. We screened the genes based on their degree values and identified RELA, BCL2, JUN, FOS, and MAPK1 as possible core target genes for puerarin in treatment of COVID-19/COAD. The NF-κB signaling pathway is involved in several biological processes such as cellular transformation, and immune response in the body. Abnormal NF-κB directly contributed to tumorigenesis, growth, and metastasis, while NF-κB activity was controlled by phosphorylation of upstream genes containing RELA (Lu and Yarbrough, 2015). Inhibition of NF-κB pathway activity reduced the likelihood of severe disease in COVID-19 patients (Hariharan et al., 2021). As an important factor regulating apoptosis, BCL2 has been associated with the development and progression of cancer and autoimmune diseases, and several drugs targeting BCL2 have been developed (Siddiqui et al., 2015). Clinical studies have found that serum concentrations of BCL2 in COVID-19 patients correlate with patient prognosis, with high BCL2 concentrations predicting a better prognosis (Lorente et al., 2021). Activator protein 1, consisting of Jun-Jun dimer or Jun-Fos dimer, regulated the transcription of multiple genes required for biological processes and the development and progression of many tumors, including COAD (Ashida et al., 2005). As one of the complexes of activator protein 1, c-Jun was involved in the crosstalk, integration, and amplification of intercellular signaling pathways, which were involved in cellular activities including survival, apoptosis, proliferation, and tumorigenesis (Meng and Xia, 2011). MAPK signaling pathway controlled cell survival, senescence, and drug resistance by integrating extracellular signals (Braicu et al., 2019). MAPK1 was found to play an important role in the invasion and proliferation of COAD cell line SW480 (Yang et al., 2018). The severe inflammatory response that occurred in severe COVID-19 patients might be associated with activation of the p38 MAKP signaling pathway (Grimes and Grimes, 2020).
The results of bioinformatics analysis revealed that the mechanism of puerarin in COVID-19/COAD might be associated with NF-κB, MAPK, IL-17, TNF, and HIF-1 signaling pathway. Elevated pro-inflammatory cytokines, including IL-17 and TNF-α, were the main causes of disease deterioration in COVID-19 patients (Shibabaw, 2020). IL-17 was involved in the activation of multiple signaling pathways resulting to the emergence of multiple cytokines (e.g. TNF-α, IL-1β) and chemokines, which in turn led to cytokine storm (Ryzhakov et al., 2011; Veldhoen, 2017; Badawi, 2020). Inflammatory cytokines IL-17 and TNF-α upregulated PD-L1 expression in COAD cell line HCT116 through activation of NF-κB signaling pathways, leading to COAD progression (Wang et al., 2017). HIF-1 induced an adaptive response in tumor cells under localized hypoxic conditions in cancer patients and was associated with poor patient prognosis (Lu et al., 2016). Activation of HIF signaling pathway was related to tumor cell invasion and tumor cell drug resistance (Brocato et al., 2014). HIF-1α signaling pathway was involved in SARS-CoV-2 virus infection and subsequent inflammatory response, often leading to poor prognosis in COVID-19 patients (Tian et al., 2021).
CONCLUSION
In this study, a series of bioinformatics analysis were employed to explore that the potential treatment mechanisms of puerarin in COVID-19/COAD comorbidity. These mechanisms may be related to apoptosis, antiviral, antioxidant, IL-17, TNF, and HIF-1 signaling pathway. The present study provides the preliminary basis and directions for the study of puerarin in COVID-19/COAD. However, as the study is based on transcriptome sequencing data and multiple databases, experimental validation is still lacking. In the follow-up studies, we will use new coronavirus-infected immune cell lines to co-culture with COAD cell lines. The therapeutic effect of puerarin will be observed by simulating the in vivo condition of COVID-19/COAD patients.
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Worldwide, colorectal cancer (CRC) ranks as the third most common malignancy, and the second most deadly with nearly one million attributable deaths in 2020. Metastatic disease is present in nearly 25% of newly diagnosed CRC, and despite advances in chemotherapy, less than 20% will remain alive at 5 years. Epigenetic change plays a key role in the epithelial-to-mesenchymal transition (EMT), which is a crucial phenotype for metastasis and mainly includes DNA methylation, non-coding RNAs (ncRNAs), and N6-methyladenosine (m6A) RNA, seemingly valuable biomarkers in CRCs. For ncRNAs, there exists a “molecular sponge effect” between long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs). The detection of exosomes is a novel method in CRC monitoring, especially for predicting metastasis. There is a close relationship between exosomes and EMT in CRCs. This review summarizes the close relationship between epigenetic changes and EMT in CRCs and emphasizes the crucial function of exosomes in regulating the EMT process.
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Introduction

In 2020, colorectal cancers (CRCs) have become significant public health problems worldwide, and their incidence has increased to twice in the top 10 cancers (1–3). Monitoring distant metastatic loci and recurrence in situ is the last and most crucial step for cancer treatment. Furthermore, it is the most common cause of concern and anxiety for patients with CRCs. Based on previous studies, the mortality of metastatic CRCs is much higher than that of primary CRCs, especially for liver metastasis. Metastatic cancers severely influence the 5-year survival rate and quality of life of patients (4). Therefore, it is pivotal to predict the metastasis and recurrence of CRCs in order to increase distal survival time and quality of life.

For CRC, epithelial–mesenchymal transition (EMT) is a vital phenotype in its metastasis. EMT is a reversible process that promotes tumor cells exfoliating into circulation and damaging the intercellular skeletal structure. These exfoliated tumor cells could reach distal cites and form metastatic loci. The transcription factors (TFs) SNAI1, SNAI2, Zeb1, Zeb2, and Twist, called EMT-TFs, and some non-coding RNAs (ncRNAs) can influence the EMT process to regulate the migration and infiltration of tumor cells (5, 6). EMT is a dynamic process that is affected by genetic, epigenetic, and immune environmental factors. N-cadherin, vimentin, matrix metalloproteinases (MMPs), E-cadherins, claudins, epithelial cell adhesion molecules (EpCAMs), and cytokeratins are common biomarkers for the detection of EMT or its reverse process, mesenchymal–epithelial transition (MET). EMT is an essential phenotype in the study of tumor metastasis.

The liquid biopsy (LB) technology is a novel method used to detect the genesis, progress of recurrence, and metastasis in CRC patients. Circulating tumor cells (CTCs), circulating tumor DNAs (ctDNAs), and cell-free RNAs are detectable biomarkers in serum (7). In addition, the detection of exosomes in the urine, cerebrospinal fluid, and saliva is applied widely and clinically. Detecting genetic materials has more perspective as nano-scale biological vesicles that are stable, suitable for storage, and valuable as both biomarkers and therapeutic nano-drugs, exosomes likely have a brighter future than cells (8).

Exosomes are tiny vesicles derived from tumor cells that contain DNA, ncRNAs, epigenetic modulation, and metabolites. Especially in comparison to obtaining tissue biopsies, liquid biopsies, including the relatively noninvasive venipuncture, or sampling other bodily fluids is often safer and more convenient. According to previous studies, exosomes play a pivotal role in predicting cancer metastasis. Comparably, exosome detection is safer and more convenient in malignant cancers, especially for CRCs. LB has shown considerable accuracy in CRC testing. Its sensitivity and specificity can reach up to 60% and 90%, respectively (9, 10). Therefore, this review summarized the relationship between epigenetic changes and EMT in CRCs and emphasized the association between exosomes and EMT.



Epigenetic Changes and the EMT Process in CRC

The reverse EMT process is characterized by the downregulation of E-cadherin, desmoplakin, claudins, and β-catenin and the upregulation of N-cadherin, vimentin, fibronectin, and Snail1/Snail2 mediate the migration and invasive metastasis of cancer cells (11–13). Whether to promote or inhibit is a question that can be answered using qualified biomarkers in EMT and reflects their influence on tumor migration, infiltration, or more aggressive properties. This process may not be complete; partial EMT is a novel phenomenon that has been recently put forward and proven to be more related to a malignant phenotype. It provides a warning that paying more attention to the regulators during the EMT process is more critical than just the results.

The chromosomal instability (CIN), microsatellite instability (MSI), and the CpG island (CGI) methylator phenotype (CIMP) pathways are three principle pathways involved in the genesis and development of CRCs. CIMP is related to the hypermethylation of promoters or the upstream regulator regions that usually contain CGIs, reported to be related to the detection of CRCs (14, 15). The definition of CIMP depends on the number of methylated loci on these CGIs; these also decide the survival outcomes and long-term prognosis of CRCs (16–18). The CIMP pathway could predict metastasis and recurrence via the detection of epigenetic biomarkers, such as DNA methylation, overexpression of ncRNAs, and N6-methyladenosine (m6A) modification. These epigenetic changes are regulated by genes and can be inherited by the next generation, but they cannot be transmitted into proteins to form phenotypes. Their influence is so strong that they have gained wide attention (19, 20). Several signaling pathways such as the Wnt signaling pathway, Raf/MEK/ERK pathway, and the NF-κB pathway function in CRCs. Especially for the Wnt signaling pathway, canonical Wnt signaling is frequently activated in the tumorigenesis of CRCs, with loss of the adenomatous polyposis coli (APC) genes and the translocation of β-catenin into the nucleus (21–23).

Regarding epigenetic changes, 5-methylcytosine (5mC) methylation for DNA and m6A modification for RNA are two epigenetic modifications affecting the transcription and expression of critical genes. In addition, ncRNA is another group that cannot be transcribed, but has high regulatory ability for coding genes. These two mechanisms can undoubtedly regulate the EMT process in CRC metastatic events.



DNA 5mC Methylation: A Robust Prognostic Biomarker in CRC

DNA methylation occurs when a methyl group is transferred to the carbon-5′ position of the cytosine base (5-methylcytosine) concentrated in CGIs under the catalytic action of DNA methyltransferase enzymes (24). The hypermethylation of 5-mC can regulate not only the transcription elements but also alternative splicing, which can modulate the production of ncRNAs (25–27). The methylation of promoters could weaken the transcription activity into messenger RNA (mRNA) and affect the function of the translated proteins. The intensity of their influence depends on the methylated sites on CGIs, which is differentially sensitive to the distance between the CpG sites among groups (28, 29).

This review focuses on several common and proven effective DNA methylation indicators for CRCs, shown in Table 1. The secreted frizzled-related protein (SFRP) family is regarded as an antagonist of the Wnt signaling pathway for its similarity to frizzled (Fz) receptors with bidirectional function (41). SFRP1 and SFRP2 are expressed in stromal myofibroblasts and are downregulated from typical adjacent tumor (normal tissue adjacent to the tumor, NAT) tissues toward the tumor (30, 31, 42, 43). They are diagnostic and prognostic biomarkers and suppress the growth and metastasis of CRC tumor cells. SFRP4 and SFRP5 may also inhibit invasion in CRC, but the underlying mechanisms in regulating the signaling pathways are more complex by comparison (32, 33, 44). Additional studies focusing on the SFRPs family as it relates to CRC should be undertaken to clarify their overall role and potentially derive a novel therapeutic regimen. Different from that of SFRPs, SDC2 methylation is a carcinogenic biomarker in CTCs tested in patients with CRC (45). Hua et al. conducted a study to prove that the upregulation of SDC2 promotes cell proliferation, migration, and invasion; inhibits apoptosis; and activates and promotes EMT through mitogen-activated protein kinase (MAPK) signaling pathways (34). Apart from that of SFRPs and SDC2, the methylation of TAC1, SEPT9, HPP1, HLTF, and NPY has also been proven to be related to the recurrence and metastasis of CRCs (39). Moreover, the methylation of two factors, hyperplastic polyposis protein 1 (HPP1) and helicase-like transcription factor (HLTF), has prognostic value for therapy and metastatic location in CRC patients (35, 36, 46, 47). Several DNA methylation have been applied clinically with high sensitivity and specificity. Overall, the panels of methylated SEPT9 and SDC2 (48, 49), SEPT9 and OSMR (77.0%) (37), SEPT9 and OSMR (37), SEPT9 and TAC1 and HIC/CYCD2/VHL (50), APC/MGMT/RASSF2A/WIF1 (51), SYNE1 and FOXE1 (52), WIF1/NPY/PENK (53), THBD and C9orf50 (54), and the combinations of FAM123A/GLI3/PPP1R16B/SLIT3/TMEM90B (55) and MGMT/RASSF1A/SEPT9 (56) were reported to have diagnostic significance in early-stage CRCs and may be more promising than the use of single markers. The combinations of BCAT1/IKZF1 and BCAT1/IKZF1/IRF4 were exploited and were shown to perform better than individual markers (57, 58), with higher sensitivity (73.9%) and specificity (90.1%) and an area under the curve (AUC) of 0.82 (38, 59).


Table 1 | Potential DNA methylation seen in colorectal cancers (CRCs).



Methylated DNA analysis in exosomes has been reported for gastric cancer, prostate cancer, lymphoma, breast cancer, and gingivitis (60). Although an association between DNA methylation in vesicles and CRCs exists, no study on their relationship has been conducted. DNA methylation can regulate the expression of hypoxia-inducible factor (HIF), which can modulate the development and progression of hypoxic CRCs. It is a critical factor in the regulatory EMT process.



NcRNAs Regulate the EMT Process in CRC

NcRNAs are a class of small RNA fragments or circulars in the non-coding regions. Although an association between DNA methylation in vesicles and CRCs exists, no study on their relationship has been conducted. The ncRNAs in CTCs originate from three main pathways, namely, membrane-bound vesicles, apoptotic bodies, and RNA-binding proteins (RBPs), which have been elucidated in detail in a previous review (61). The ncRNAs can maintain highly stable in the bloodstream with the protection of exosomes or RBPs, such as argonaute-2 (AGO2) high-density lipoprotein (HDL), due to their small size and their ability to escape RNase-mediated degradation (62–66). NcRNAs include a number of RNA types, such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs).

MiRNAs were the first discovered ncRNAs that can regulate the functions of genes and proteins. The sequence of miRNAs is short and can form complementary pairs with mRNAs. Most miRNAs are inhibitory and can lead to the degradation of mRNAs, which decreases the expressions of target proteins. Many cytoplasmic miRNAs have been discovered that can regulate expression of N-cadherin, Vimentin, MMPs, E-cadherin, Claudin, and EpCAM, thereby influencing the direction of EMT through molecular regulation in targeted pathways (67–69). Go et al. provided proof that the maternally expressed gene 3 differentially methylated region (MEG3-DMR) can control liver metastasis by regulating miRNAs, such as miR-655-3p, in the 14q32 cluster in CRCs (70, 71). This confirms that circulating miRNAs have an endothelial cell and blood component origin (19, 63, 72). A molecular classification based on epigenetically regulated gene expression profiles was established by Wang et al. to provide a better understanding of the epigenetic mechanisms underlying CRC heterogeneity using The Cancer Genome Atlas (TCGA) dataset and validated across Gene Expression Omnibus (GEO) datasets (73–78).

The upregulation or the downregulation of miRNAs hinges on regulating genes and epigenetic modifications. This variability, the targets and resultant outcomes are exemplified by the following: miR192-2 promoter hypermethylation was shown to modulate tumor metastasis in CRC by regulating the expression of SOX4 (80). MiR-31 has been reported to increase the sensitivity to 5-fluorouracil (5-FU) at an early stage (81). In the latest study, miR-31 has been proven to increase radiosensitivity in CRC cell lines through targeting STK40 (80, 82–85).

LncRNAs can promote or suppress the metastasis of tumor cells via upregulating or downregulating the process of EMT. LncRNAs have RNA sequences longer than 200 nucleotides that are not translated into proteins (86), so they are more stable than miRNAs (87). Similar to miRNAs, detection of expression or methylation of lncRNAs in CRC has been reported (88). Several lncRNAs, such as XIST, H19, and SPRY4-IT1, are related to EB1, 2/E-cadherin, and vimentin and can be detected from CTCs in plasma (89–91). The lncRNA H19 can promote CRC metastasis via inducing EMT (92). EMT promotes tumor cell growth, proliferation, and metastasis (93). The upregulation of the lncRNA TUG1 increases the risk of metastasis and further invasion in CRCs via activating the Wnt/β-catenin signaling pathway (94). The lncRNA MALAT1 is a predictive biomarker for metastasis by regulating the epigenetic model (95). Urothelial carcinoma-associated 1 (UCA1), which is produced by cancer-associated fibroblasts (CAFs) and released into serum, is associated with the metastasis of CRCs. The upregulation of UCA1 can change the expressions of the genes in EMT (96). The lncRNA BANCR is an oncogenic molecule that enhanced the aggressiveness of CRC metastasis (97). The TGF-β signaling pathway is a critical pathway in regulating cancer-associated expression. The lncRNA activated by TGF-β (LNCRNA-ATB) can suppress the expression of E-cadherin in EMT to promote CRC metastasis (98). The lncRNAs HOTAIR and HOXA-AS2 in plasma correlate with the invasion of CRCs via EMT (99, 100). The role of lncRNAs in serum is shown in Table 2.


Table 2 | Role of long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) associated with epithelial–mesenchymal transition (EMT) in colorectal cancers (CRCs).



CircRNAs are novel derivatives from the alternative splicing of lncRNAs that have small ring structures (120, 121). Compared to miRNAs and lncRNAs, circRNAs have shown their fantastic advantage in forecasting the metastasis of CRCs. By analyzing the expression profiles of circRNAs in the six pairs of CRC tissues and adjacent normal tissues, Chen et al. found that about two in three circRNAs were upregulated and one in three circRNAs was downregulated (122). In CRC tissues, the recovery of some circRNAs hints at the possibility of metastasis and recurrence of CRCs. CircRNA-1662 is an oncogenic circRNA that promoted CRC cell invasion and migration through control of EMT, and was reported to be a robust predictor for cancer metastasis (122). CircCSPP1 can promote CRC metastasis by regulating COL1A1, which is composed of type I collagen (105). CircRNA_0001946, hsa_circRNA_102209, circPTK2, hsa_circ_0001178, circRNA_100876, circ-SIRT1, hsa_circRNA_002144, circRNA_101951, and circTBL1XR can be overexpressed in CRC to promote metastasis and proliferation (106, 109–111, 113, 114, 116–118). On the other hand, circ_0026344, circRNA-0074027, hsa_circ_0009361, and hsa_circ_0001666 are downregulated in CRC tissues and suppress the metastasis of tumor cells (107, 108, 112, 115, 119). The elevation of circPTK2 in CRC CTCs increases the possibility of tumor metastasis (110). The hsa_circ_0001821 (circ3823) from both CRC tissues and sera may lead to tumor cell infiltration by binding with miR-30c-5p and its target to regulate the expression of TCF7 (123). The role of circRNAs in CRCs is shown in Table 2.



Interactions Between MiRNAs, LncRNAs, and CircRNAs—The “Sponge Effect”

There are reports that, at times, the outcomes of miRNA transcription and expression is less satisfactory than expected, which hints at the existence of miRNA inhibitors might be present in the tumor microenvironment of CRCs (124). Seitz et al. hypothesized this inhibitor as a “miRNA sponge” that competes with endogenous mRNAs for miRNAs (125). LncRNAs and circRNAs can regulate miRNAs from binding with the target genes by functioning as competing endogenous RNAs (ceRNAs), which can regulate the expressions of genes by competitively integrating with miRNAs (126). The “lncRNA/circRNAs/miRNA/mRNA/protein” pathway is also called the molecular sponge effect (126).

In contrast, miRNA modulation can regulate the expressions of lncRNAs as well. MiR-939-5p is a suppressive miRNA that can inhibit the invasion and metastasis of CRC cells by decreasing the level of LIMK2. LncRNA LINC00460 reduced the inhibition of miR-939-5p on LIMK2 and bound with miR-939-5p as a ceRNA (127). It is oncogenic through upregulation of annexin to promote the EMT process (128). The glycolysis-related lncRNA MIR17HG was found to competitively bind with miR-138-5p to increase glycolysis, which can promote CRC liver metastasis (129). The antisense lncRNA MCM3AP-AS1 sponged miR-193a-5p through upregulating SENP1 to promote the progression and migration of CRC (130). The lncRNA SNHG7 sponges miR-216b to promote the proliferation and liver metastasis of colorectal cancer through upregulating GALNT1 (131). In the cytoplasm, LINC00460 is a type of lncRNA that can regulate the expression of high mobility group A1 (HMGA1) of m6A modification under the catalytic function of methyltransferase 3 (METTL3) (132). The earliest found lncRNA, H19, functioned as a ceRNA that sequesters miR-138 and miR-200a and leads to the inhibition of vimentin and the protein expressions of ZEB1 and ZEB2 (90, 92). The regulatory pathway of lncRNAs on miRNAs is shown in Figure 1. Similarly, circRNAs can act as ceRNA sponges of miRNAs (133). Most circRNAs positively affect target genes and promote the metastasis of CRCs. A few circRNAs act as suppressors of tumor invasion and promotion. Circ_0026344, hsa_circ_0009361, and hsa_circ_0001666 are negative regulators of tumor proliferation and inhibit metastasis. The sponge mechanism of circRNAs on miRNAs is shown in Figure 2.




Figure 1 | Mechanism of long non-coding RNAs (lncRNAs) acting as competing endogenous RNAs (ceRNAs) in colorectal cancer (CRC) metastasis.






Figure 2 | Mechanisms of circular RNAs (circRNAs) acting as competing endogenous RNAs (ceRNAs) in colorectal cancer (CRC) metastasis.





The Role of M6A Methylation of RNAs in EMT

M6A methylation is a novel and critical component of RNA modification related to the expressions of ncRNAs in epigenetics (134). M6A in RNA post-transcriptionally regulates mRNAs by affecting the splicing, export, stability, and translation of transcripts (135–138). Its methylation regulates miRNA synthesis, processing, and maturation, which are crucial in tumorigenesis and cancer progression (139). It has been reported that the m6A modification could alter its local RNA structure at the terminal loop region of primary miRNAs (pri-miRNAs) to promote their processing through nuclear transcripts and alternative splicing by modulating RALY binding (140–142). It is promising that m6A methylation can predict metastasis and the prognosis of therapy (143). The upregulation of HMGA1 of m6A modification in CRC cells enhances the probability of metastasis (132).

In total, 11 readers, 7 writers, and 2 erasers have already been found. The term “writers” often denotes methyltransferase as the beginning of m6A methylation, and different methyltransferases form a complex to gain more powerful catalytic ability. The (143)methyltransferase complex (MTC) comprises the m6A/METTL complex (MAC) and the m6A/METTL-associated complex (MACOM). MAC consists of METTL3 and METTL14, which can form stable heterodimers (144). Besides METTL3 and METTL14, WTAP is another writer that can participate in the formation of complex to regulate m6A. NcRNAs can affect the process of m6A by regulating the function of the “writer” complex. For example, METTL3 is the first discovered RNA methylation-related mRNA with a catalytic subunit and is upregulated in metastasis to promote cell migration and invasion in CRCs by regulating miR-1246 (145). Contrarily, METTL14 is regulated to suppress cell proliferation, invasion, and migration in CRCs via miR-375 (146–149). Furthermore, there exists mutual action between m6A modulation and ncRNAs. Prior studies demonstrated that knockdown of METTL3 downregulated the expression levels of miR-483, miR-676, miR-877 and circ1662-YAP1-SMAD3 axis in regulating CRC invasion (122, 142). The m6A modification of circRNA_103783 (also called circNSUN2) could increase export into the cytoplasm in the circNSUN2/IGF2BP2/HMGA2 ternary complex (150). In addition, the high expression of circNSUN2 predicts a more aggressive characteristic of CRC; thus, m6A modification enhances the metastasis risk of CRC cells (150).

Beyond the methyltransferases, the “readers” that can recognize m6A modulation sites, such as YTHDF1, IGF2BP1, IGF2BP3, and EIF3B (151), are also under the influence of ncRNAs. The tumor-suppressive miR-1266 promoted the occurrence and progression of CRCs by directly targeting FTO (152). Moreover, the expression of the lncRNA GAS5 can reversely regulate YAP1 via m6A (153). Surprisingly, the levels of m6A can positively increase with the increased concentrations of circRNAs (154). The upregulation of the lncRNA RP11 by m6A methylation can accelerate the spread of CRC cells through the upregulation of ZEB1 (155). Interestingly, it has been proven that m6A circRNAs are different from m6A mRNA sites. This indicates that disturbance in the m6A modification of mRNA is not equivalent to that of m6A circRNAs. Therefore, to abolish the effects of m6A modification, then the m6A of circRNAs must be considered as well (123, 154). Therefore, to abolish the effects of m6A modification, then the m6A of circRNAs must be considered as well. NcRNAs can regulate the critical enzymes as the downstream target molecules or combined partners. Feedback of the essential enzymes affects the m6A modulation of ncRNAs, and this process can change the cancer-related phenotype and lead to metastasis (155).



The Exosomes and EMT in CRC

What is an exosome? Exosomes are microvesicles with diameters from 30 to 150 nm. They are derived from normal intestinal cells, CRC cells, and other cancer-related stromal cells (156). Exosomes have various physiological functions and participate in multiple cancer-related signaling pathways. Exosomes derived from CRCs cells are associated with a metastatic phenotype in CRCs, such as migration, infiltration, and EMT. For exosomes, surface antigens act as biomarkers that contribute to recognition, and their components determine the tasks exosomes carry out. Exosomes are secreted not only from cancer cells but also from normal intestinal cells or other tumor-related cells. Hepatocytes and fibroblasts can also produce exosomes to enter into the blood, urine, or saliva (157, 158). NcRNAs excreted from exosomes play an important role in regulating the signaling pathways in CRC metastasis (159). Studies that excluded the interference of miRNAs and lncRNAs in cells via the addition of anti-miRNAs and exogenous exosomes containing miRNAs confirmed that ncRNAs negatively regulated the downstream target proteins or mRNA molecules to promote tumor metastasis via EMT (160–162). In contrast, EMT cancer cells can promote exosome secretion via increasing the permeability of vascular epithelial layers, and miR-27b-3p can regulate this process through the STAT3 pathway (163). There is a mutual regulation between exosomes and the EMT process, but most studies have focused on the influence of exosome transportation in EMT, as shown in Table 3. While the ncRNAs in exosomes can negatively regulate the target genes and promote tumor metastasis, this also hints that they may be brilliant therapeutic targets for the prevention of metastasis. Besides CRC cells, tumor-associated macrophages (TAMs) comprise another class involved in the regulation of exosome and regulate the EMT process in inflammatory or immune diseases (164). The effects being positive or negative depend on the inflammatory cells and cytokines that TAMs secrete. The miRNAs or lncRNAs wrapped in vesicles could affect the M1 or M2 polarization of TAMs (172).


Table 3 | Functions of exosomes in colorectal cancer (CRC) metastasis via regulating the epithelial–mesenchymal transition (EMT) process.





Conclusion

Cancer metastasis has always been a hot topic for scientists and clinicians, and discovering the risk factors and suitable therapeutic targets is a critical part of preventing metastasis. Epigenetic change is a popular context associated with the progression and metastasis of CRCs due to its variability and vulnerability. NcRNAs plays a crucial role in regulating epithelial tissues and the mesenchymal components. The dynamic process determines the tumor metastasis tendency. In this regulation, the sponge effect between lncRNAs/circRNAs/miRNAs/mRNA is critical. In addition, epigenetic modification is a crucial link. The 5mC methylation of DNA and the m6A methylation of RNA in CRCs could enhance the invasive and migration ability to promote metastasis. The mechanisms of the mutual effect between methylation and ncRNAs may provide a novel direction for future studies.

The EMT is a vital regulator in metastasis, while the mechanism and influence factor of EMT is still unclear. As mentioned before, these epigenetic changes are not independent but interacting. The methylation of promoters can regulate the process of alternative splicing and production of ncRNAs. The review interprets a crosstalk interaction in epigenetic changes from DNA methylation, ncRNAs, and m6A methylation. The function of epigenetic changes is powerful and complex in regulating mechanisms in CRC metastasis. At the same time, EMT is a cross point that the DNA methylation, m6A methylation, and ncRNAs can all affect CRC metastasis. They can upregulate or downregulate the biomarkers in EMT such as N-cadherin, Vimentin, MMPs, E-cadherin, Claudin, and EpCAM to control the progress of the epithelial transition.

Another novelty of the review is that the exosomes can regulate EMT as a carrier for transporting ncRNAs. The function of exosomes has gained widespread attention in cancers. The exosomes have been proved to be related to cancers detection. This review summarizes the effect of exosomes in CRC metastasis related to EMT. That indicates that exosomes are a vital factor in the tumor micro-environment. The tumor cells or other stromal cells can secret exosomes to regulate EMT. And this review indicates that DNA methylation, ncRNAs, m6A methylation, exosomes, and EMT can all act as potential therapeutic targets in CRC metastasis. The associated relationship and mutual interaction among them are elucidated thoroughly in this review. While prior studies have been published elucidating the mechanisms of exosomes and EMT, the field remains in its relative infancy, with the potential to discover important new therapeutic targets for CRC.

The detection of exosomes in LB is a novel method to predict metastasis in CRCs. The variety of stromal cells can produce exosomes to participate in the progression, proliferation, migration, and EMT in CRCs. Epigenetic changes, ncRNAs, and exosomes are not independent of each other; on the contrary, there exists an intrinsic interrelation between them. Different from previous studies, this review elaborated on the potential links between epigenetic changes, exosomes, and EMT in CRCs regarding metastasis. It provided novel sights for the study of probable mechanisms of metastasis in CRCs. There have already been several studies on the mechanisms of exosomes and EMT, but more studies are needed to discover new therapeutic targets for CRCs.
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N6-methyladenosine (m6A) RNA methylation is identified as the most common, abundant and reversible RNA epigenetic modification in messenger RNA (mRNA) and non-coding RNA, especially within eukaryotic messenger RNAs (mRNAs), which post-transcriptionally directs many important processes of RNA. It has also been demonstrated that m6A modification plays a pivotal role in the occurrence and development of tumors by regulating RNA splicing, localization, translation, stabilization and decay. Growing number of studies have indicated that natural products have outstanding anti-cancer effects of their unique advantages of high efficiency and minimal side effects. However, at present, there are very few research articles to study and explore the relationship between natural products and m6A RNA modification in tumorigenesis. m6A is dynamically deposited, removed, and recognized by m6A methyltransferases (METTL3/14, METTL16, WTAP, RBM15/15B, VIRMA, CBLL1, and ZC3H13, called as “writers”), demethylases (FTO and ALKBH5, called as “erasers”), and m6A-specific binding proteins (YTHDF1/2/3, YTHDC1/2, IGH2BP1/2/3, hnRNPs, eIF3, and FMR1, called as “readers”), respectively. In this review, we summarize the biological function of m6A modification, the role of m6A and the related signaling pathway in cancer, such as AKT, NF-kB, MAPK, ERK, Wnt/β-catenin, STAT, p53, Notch signaling pathway, and so on. Furthermore, we reviewed the current research on nature products in anti-tumor, and further to get a better understanding of the anti-tumor mechanism, thus provide an implication for nature products with anti-cancer research by regulating m6A modification in the future.
Keywords: m6A, RNA methylation, molecular function, signaling pathway, implication, nature products, anti-cancer
INTRODUCTION
In recent years, N6-methyladenosine (m6A) RNA modification, as a new regulatory mechanism for controlling gene expression in eukaryotes, has attracted more and more attention and gradually become a hot topic in biological research. Reversible epigenetic modification of m6A RNA was found not only in messenger RNA (mRNA) but also in non-coding RNA (ncRNA). m6A modification affects the biological fate of target RNA molecules and plays an important role in almost biological activities, including the occurrence, development and outcome of cancer (Chen et al., 2019a; He et al., 2019; Sun et al., 2019; Wang et al., 2020e; Huang et al., 2020). Among the more than 100 types of post-transcriptional epitranscriptomic modifications identified in RNAs thus far, m6A is the most abundant internal modification of eukaryotic RNAs, including mRNA, tRNA, rRNA, snRNA, microRNA (miRNA), and long non-coding RNA (lncRNA), contributing to RNA splicing, localization, translation, stabilization, and decay (Gokhale et al., 2016; Wang et al., 2018; Koh et al., 2019; Meyer, 2019; Zhang et al., 2019; Gong et al., 2020). In recent years, it has been found that the abnormal modification of m6A RNA is closely related to the occurrence and development of a variety of tumors (Chen et al., 2018; Jin et al., 2019; Shi et al., 2020; Wang et al., 2020a; Zhang et al., 2021a). Therefore, it is necessary to conduct in-depth studies on the relationship between m6A and tumor, especially to harness the key mechanisms involved in m6A modification for anti-cancer research (Niu et al., 2018; Gao et al., 2021).
Natural products are essential to modern medicine, such as curcumin, chrysin, cucurbitacin B, cinnamaldehyde, bruceine D, baicalein, epigallocatechin gallate, fucoidan, resveratrol, rhein, and so on. Many of which have been shown to effectively regulate the progression of cancer and enhance the anticancer effects of various anticancer drugs (Li et al., 2020a; Chen et al., 2020b; Chen et al., 2021b; Zhang et al., 2021b; Wang et al., 2021). In addition, 73 percent of antibiotics, 49 percent of anticancer compounds, and 32 percent of all new drugs approved by the U.S. Food and Drug Administration (FDA) between 1980 and 2012 were natural products or derivatives of them (Newman and Cragg, 2016; Harvey et al., 2018). These natural products, including compounds with antibiotic, antifungal, immunosuppressant, and anticancer activity, are a rich source of anticancer agents and provide new and more effective anticancer agents for therapeutic use. However, there are few reports that natural products inhibit tumor genesis and development by regulating m6A RNA modification (Qian et al., 2021b; Feng et al., 2022; Jiang et al., 2022).
In this review, we summarize the biological functions of m6A modification, the role of m6A in tumors, and the related signal pathways of m6A in tumors, such as Akt, NF-kB, MAPK, ERK, and Wnt/β-Catenin, STAT, p53, Notch signaling pathway, etc. Moreover, we also review the research progress of natural products in antitumor, and further understands its antitumor mechanism, so as to provide an implication for the anti-cancer research of natural products via regulating m6A modification in the future.
PART 1: OVERVIEW OF M6A RNA METHYLATION
m6A RNA Methyltransferases—Writers
The RNA m6A modification is deposited by the m6A methyltransferase complex (called as “writer”), which mainly consist of a methyltransferases like 3 and 14 (METTL3 and METTL14) heterodimeric enzymatic core, and other cofactor protein, such as Wilm’s tumor-1-associated protein (WTAP), RNA binding motif protein 15 (RBM15) and its paralogue RBM15B, vir like m6A methyltransferase associated (VIRMA, originally known as KIAA1429, Virilizer), zinc finger CCCH type containing 13 (ZC3H13), and CBLL1 (Patil et al., 2016; Roundtree et al., 2017a; Table 1).
TABLE 1 | Functions of m6A regulators in RNA metabolism.
[image: Table 1]METTL3 and METTL14 are essential components of methyltransferase complex (MTC), in which METTL3 is catalytically active while METTL14 has critical structural scaffold functions, isolated METTL3 without METTL14 is not bioactive (Roundtree et al., 2017a; Hsu et al., 2017). WTAP, as the key METTL3 adaptor, directly interacts with METTL3 and recruits METTL3-METTL14 heterodimeric complex to nuclear speckles for m6A modification (Ping et al., 2014). Meanwhile, WTAP also binds to the m6A consensus RRACH (R = A/G, H = A/C/U) motif of RNA and recruits catalytic subunits METTL3 and METTL14 to the vicinity of the target RNA sequence (Ping et al., 2014). In addition, studies have shown that knockdown of WTAP reduces METTL3 and METTL14, while knockdown of METTL3 or METTL14 does not reduce or even increase WTAP, although a single knockdown of METTL3 or METTL14 reduces each other (Ping et al., 2014; Kobayashi et al., 2018). Moreover, WTAP also may scaffold the MTC and RBM15/RBM15B recruits the MTC to target sites of modification (Kan et al., 2017). METTL16 is another independent m6A methyltransferase that can directly methylate UACAGAGAA motifs. In addition, METTL16 can also regulate the activity of all cellular methyltransferases including METTL3/METTL14, so the deletion of METTLl6 can reduce the methylation level of UACAGAGAA and/or RRACH motif regions (Fazi and Fatica, 2019; Koh et al., 2019; Aoyama et al., 2020). Recent studies have shown that METTL5 as the enzyme responsible for 18s rRNA m6A modification in site of 1831A, which must form a METTL5-TRMT112 (TRMT112, a methyltransferase activator) heterodimeric complex to maintain its biological stability (Van Tran et al., 2019; Rong et al., 2020).
RNA m6A modification is enriched in the 3′untranslated region (3′UTR) and near termination codon of mature polyadenylate mRNA in mammalian system, and plays a regulatory role in the transcription of eukaryotic mRNA. VIRMA, an important WTAP interactor, is essential for the deposition of m6A to the 3′UTR of mRNA and near stop codons and recruiting the methyltransferase core components METTL3/METTL14/WTAP (Horiuchi et al., 2013; Yue et al., 2018; Shi et al., 2019; UniProt, 2019); Knockdown of VIRMA resulted in reduced m6A methylation near the 3′UTR of the stop codon. In addition, VIRMA binds to the polyadenylation cleavage factors CPSF5 and CPSF6 in an RNA-dependent manner, and knockdown of CPSF5 also resulted in a significant shortening of the 3′UTR of the mRNA (Yue et al., 2018).
ZC3H13 could promote nuclear localization of the writer complex for RNA m6A modification, ZCCHC4 as the 28s rRNA modification enzyme for m6A modification at the site of 4220A (Ren et al., 2019). RBM15/15B binds to U-rich regions and cooperates with MTC for certain RNAs methylation (Shi et al., 2019). CBLL1 (Cbl proto-oncogene like 1), also known as Hakai, was originally found to encode the E3 ubiquitin ligase for the E-cadherin complex and mediate its ubiquitination, endocytosis, and degradation in lysosomes. Recent studies have shown that CBLL1 is required for stabilization of core components METTL3/14 of the m6A RNA methylation and plays a role in the efficiency of mRNA splicing and RNA processing (Yue et al., 2018; Bawankar et al., 2021).
m6A RNA Demethylases—Erasers
The intracellular RNA m6A demethylation is mainly accomplished by fat mass and obesity-associated protein (FTO) and the alkylation repair homolog protein 5 (ALKBH5), referred to as erasers, which cooperates with m6A methylases to maintain the dynamic balance of m6A modification in the cells (Jia et al., 2011; Zheng et al., 2013; Xue et al., 2019).
As the first m6A mRNA demethylase, FTO established the concept of reversible RNA modification (Jiang et al., 2021b). The whole transcriptome RNA demethylation analysis clarified that FTO is a potent nuclear mRNA processing regulator, which preferentially binds to the pre-mRNA in the intron region, in the proximity of alternative splicing exons and poly(A) sites, and participates in alternative splicing and 3′ end mRNA processing (Bartosovic et al., 2017). In addition, multiple evidences indicate that FTO does play a key role in regulating fat mass, fat production and body weight (Merritt et al., 2018). Epidemiological studies also show that FTO SNPs is strongly associated with increased risk of various cancers (Chen and Du, 2019). FTO has recently been shown to play an m6A-dependent role in multiple biological processes, such as cancer cell apoptosis, proliferation, migration, invasion, metastasis, cell-cycle, differentiation, stem cell self-renewal and so on (Deng et al., 2018; Wang et al., 2020d). In addition, studies have shown that FTO binds multiple RNA species, including mRNA, snRNA, and tRNA, and can demethylate internal m6A and cap m6Am in mRNA, internal and cap m6Am in snRNA, internal m6A in U6 RNA, and N1-methyladenosine (m1A) in tRNA (Wei et al., 2018).
ALKBH5 is another major m6A demethylase which plays a critical biological and pharmacological role in human cancer. ALKBH5 is an independent prognostic indicator in a variety of cancers. ALKBH5 can regulate various tumor biological processes, such as the cell proliferation, invasion, migration, metastasis, cancer stem cell self-renewal and tumor microenvironment (Li et al., 2020b; Shen et al., 2020). In addition, ALKBH5 also plays an important role in human non-cancer diseases, such as reproductive system diseases (Nettersheim et al., 2019). The potential regulatory mechanism of ALKBH5 relies on m6A-dependent modifications (Wang et al., 2020c). Moreover, it was found that ALKBH5 knockout resulted in increased mRNA m6A modification level in the nucleus, but a decrease in the amount of mRNA in the cytoplasm, suggesting that ALKBH5 may be involved in mRNA transport (Bartosovic et al., 2017). In addition, neither FTO nor ALKBH5 display a preference for RRACH m6A motif demethylation (Zou et al., 2016).
m6A RNA Binding Proteins—Readers
The m6A modification plays an important role in the production, processing, splicing and translation of mRNA (Huang et al., 2021a). m6A binding protein (also called: reader) is essential for the recognition of m6A RNA, including m6A direct binding proteins (such as: YTH domain family, IGF2BPs, eIF3, etc) and m6A indirect binding proteins (hnRNP family, etc).
At present, it is considered that the YT521-B homology (YTH) domain family consists of YTH domain containing protein 1-2 (YTHDC1-2) and YTH domain family protein 1-3 (YTHDF1-3). YTHDC1 mediates the splicing of m6A pre-mRNA via recruiting splicing factor and nuclear export adaptor SRSF3 while blocking SRSF10 (Xiao et al., 2016), and NXF1 also involved the nuclear exporting of m6A-containing mRNAs (Roundtree et al., 2017b); ELAVL1 (ELAV like RNA binding protein 1, also known as HuR) is known to be an RNA stabilizing protein that interacts with mRNAs containing m6A modifications and cooperates with YTHDC1 to enhance the stability and subsequent translation of target gene mRNAs (Liang et al., 2021). The m6A reader YTHDC2 functions in the cytoplasm, affecting the m6A mRNA translation efficiency and abundance of its targets. It has been proposed that YTHDC2 interacts with m6A-containing mRNAs, ribosomes, and XRN1 to regulate mRNA stability and translation. In addition, MEIOC also can be bound to YTHDC2 in an RNA-independent manner, stabilize the binding of YTHDC2 to mRNA (Abby et al., 2016; Inada, 2020). YTHDF3 has been shown to promote the functions of YTHDF1 and YTHDF2, which promote m6A mRNA translation by binding to YTHDF1 and enhance RNA degradation by interacting with YTHDF2, respectively (Shi et al., 2017).
The insulin-like growth factor-2 (IGF2) mRNA-binding proteins 1, 2, and 3 (IGF2BP1/2/3) as a distinct family of m6A readers that regulate mRNA stability, transport, and translation (Uyar et al., 2017). Recent research shows that the association between IGF2BPs and target mRNAs, such as myc mRNA, is enhanced by m6A modification of target transcripts, indicating that IGF2BPs is an important m6A reader (Muller et al., 2019). In addition, IGF2BPs can stabilize the mRNA of target genes by recruiting and interacting with RNA stabilizing proteins, such as: ELAVL1/HuR, MATK3, PABPC1, etc (He et al., 2019; Zhu et al., 2020a), and also IGF2BPs can protect the target mRNA from stress condition (Huang et al., 2018). Eukaryotic initiation factor 3 (eIF3) can be regarded as a reader of 5′ UTR m6A, which can interact with m6A modified RNA, enhance ribosomal loading and promote the translation of target gene mRNA (Shah et al., 2017).
Heterogeneous ribonucleoproteins (hnRNPs) refer to a large family of RNA-binding proteins (RBPs) that are involved in multiple aspects of nucleic acid metabolism, including alternative splicing, processing, mRNA stabilization, and subsequent transcription and translation. Among them, hnRNPA2B1 can directly bind to m6A RNA to regulate RNA splicing and processing. In addition, hnRNPA2B1 can also cooperate with proteins, such as: DGCR8, etc., to promote the processing and formation of miRNA (Alarcon et al., 2015). The m6A reader protein hnRNPC or hnRNPG binds m6A RNAs through an “m6A switch” mechanism, in which m6A-mediated RNA hairpin destabilization exposes a single-stranded hnRNPC or hnRNPG-binding motif, and binds to m6A RNA and facilitates processing (Liu et al., 2017; Figure 1).
[image: Figure 1]FIGURE 1 | m6A RNA methylation regulating proteins and molecular functions. m6A RNA methylation is performed by its writer, eraser, and reader to add, delete, recognize m6A, respectively. The writer refers to m6A methyltransferases including METTL3, METTL14, WTAP, RBM15/15B, VIRMA/KIAA1429/Virilizer, ZC3H13, CBLL1/Hakai, and METTL16. The m6A eraser is the demethylase FTO and ALKBH5. The m6A readers are proteins that recognize m6A sites and perform a variety of functions in the nucleus or cytoplasm, the currently identified m6A reader proteins including YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, IGF2BPs, eIF3, and hnRNPA2B1, HNRNPC, HNRNPG. m6A methylation is involved multiple functions in RNA metabolism, including RNA stabilization and splicing, miRNA processing, nuclear export, translation, RNA storage and decay, and so on.
PART 2: THE ROLE OF M6A MODIFICATION IN CANCER
More and more research evidences show that m6A modification is related to the proliferation, differentiation, tumorigenesis, invasion and metastasis of tumors, and plays a key role as an oncogene or tumor suppressor gene in the occurrence and development of malignant tumors (Table 2).
TABLE 2 | Role of m6A modification in various cancers.
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The link between m6A and tumorigenesis was first demonstrated in AML, where overexpression of methyltransferases leads to increased RNA m6A modification, leading to abnormal hematopoietic stem cell differentiation and promoting leukemogenesis (Vu et al., 2017).
The abnormally high expression of METTL3 in AML can promote m6A modification and promote the occurrence and development of AML by enhancing the translation of c-MYC, BCL2, and PTEN mRNAs. Moreover, knockdown of METTL3 can lead to increased p-AKT levels and promote cell differentiation (Vu et al., 2017). In addition, METTL3 and METTL14 exert oncogenic roles in AML by increasing m6A levels in MDM2 mRNA and targeting the MDM2/p53 signaling pathway (Sang et al., 2022). However, the low expression of METTL3 in AML-MSCs (mesenchymal stem cells from AML patients) promotes the expression of AKT protein and upregulate the PI3K-AKT signaling pathway, which ultimately leads to the enhanced adipogenesis ability of AML-MSCs and facilitates the chemoresistance of AML (Pan et al., 2021b).
ALKBH5 is aberrantly overexpressed in AML and associated with poor prognosis. ALKBH5 exerts tumor-promoting roles in the development and maintenance of AML and self-renewal of leukemia stem/initiating cells (LSCs/LICs) through post-transcriptional regulation of its key target TACC3, AXL (Wang et al., 2020b; Shen et al., 2020). FTO is highly expressed in AML containing t (11q23)/MLL rearrangements, t (15;17)/PML-RARA, FLT3-ITD and/or NPM1 mutations. FTO inhibits the expression of ASB2 and RARA by reducing m6A levels of the target mRNA, which in turn enhances leukemic oncogene-mediated cell transformation and leukemogenesis, and inhibits all-trans retinoic acid (ATRA)-induced AML cell differentiation (Li et al., 2017).
YTHDC1 is overexpressed in AML and is required for proliferation, differentiation and development, maintenance of self-renewal, leukemogenesis, and survival (Sheng et al., 2021). Moreover, YTHDC1 can also promote the development of AML by promoting phase separation. In recent years, studies have shown that abnormal phase separation is closely related to the occurrence of tumors. YTHDC1 binds to m6A and forms nuclear condensates (nYACs) which are essential for maintaining targets mRNA stability and AML cell survival and the undifferentiated state (Cheng et al., 2021).
Non-Small-Cell Lung Cancer
In non-small-cell lung cancer (NSCLC), METTL3 promotes the translation of mRNAs of certain genes by increasing m6A levels, including c-Myc, BCL-2, epidermal growth factor receptor (EGFR), hippo pathway effector TAZ and YAP, MAPKAPK2 (MK2), and DNMT3A, thereby promoting lung adenocarcinoma (LUAD) cell proliferation, survival, invasion and metastasis (Lin et al., 2016; Jin et al., 2019; Wu et al., 2021a; Zhang et al., 2021c). High expression of METTL3 can improve the stability of JUNB mRNA and increase its expression. JUNB is an important transcriptional regulator of epithelial-mesenchymal transition (EMT), including CDH1/E-cadherin, FN1/Fibronectin and VIM/Vimentin (Wanna-Udom et al., 2020). Long non-coding RNAs (lncRNAs) play key roles in a variety of physiological and pathological processes. METTL3 enhances the stability of LCAT3 lncRNA through m6A modification, and then promotes the proliferation, invasion and metastasis of LUAD cells through the LCAT3-FUBP1-MYC axis (Qian et al., 2021a). Moreover, METTL3 also upregulates the level of miR-1246 which reduces the expression of the tumor suppressor PEG3 to promote the development of lung adenocarcinoma (Huang et al., 2021b); In addition, METTL3 can also promote tumor proliferation, EMT, invasion, and migration by down-regulating miRNAs, such as: miR-1915-3p (Pan et al., 2021a). Cell ferroptosis, a novel form of programmed cell death. The highly expressed METTL3 in LUAD can promote LUAD cell proliferation and inhibit ferroptosis, and its molecular mechanism is that METTL3-mediated m6A modification enhances the stability of SLC7A11 mRNA and promotes its translation (Xu et al., 2022). Metabolic reprogramming, known as the Warburg effect, is considered a key hallmark of cancer, including lung cancer. Studies have shown that METTL3 can enhance the stability of the lncRNA ABH11-AS1 transcript, thereby enhancing the Warburg effect of lung adenocarcinoma, and ultimately promoting the occurrence and development of tumors (Xue et al., 2021).
The m6A reader YTHDC2 is frequently repressed in LUAD, indicating a poor prognosis. Downregulation of YTHDC2 expression leads to enhanced SLC7A11 and SLC3A2 mRNA stability and promotes tumorigenesis (Ma et al., 2021a; Ma et al., 2021b). But there is an interesting study showing that METTL3 has an anti-tumor effect, downregulation of METTL3 decreased protein levels of apoptotic molecules and increased protein levels of the FBXW7 gene and its target genes Mcl-1 and c-Myc, and promotes tumorigenesis in LUAD which may be caused by the heterogeneity of tumor cells (Wu et al., 2021b). METTL3, YTHDF1/3 is highly expressed in LUAD, METTL3 promotes YAP mRNA translation by recruiting YTHDF1/3 and eIF3b to the translation start site and increased YAP mRNA stability by modulating the MALAT1-miR-1914-3p-YAP axis, ultimately resulting in increased YAP expression and activity that induces NSCLC drug resistance and metastasis (Jin et al., 2019).
Hepatocellular Carcinoma
METTL3 is highly expressed in HCC and is closely associated with poor prognosis of HCC patients, and promotes HCC cell proliferation, migration, metastasis and tumorgenicity via YTHDF2-dependent post-transcriptional silencing of SOCS2, which is a member of the suppressor of cytokine signaling (SOCS) family, and is a negative regulator of the JAK/STAT pathway (Chen et al., 2018). WTAP-guided m6A modification plays a key role in HCC oncogenesis through the HuR1-ETS1-P21/P27 axis (Chen et al., 2019b). High expression of VIRMA in HCC patients is associated with poor prognosis. VIRMA induces m6A methylation of the 3′ UTR of GATA3 pre-mRNA, leading to dissociation of the RNA-binding protein HuR and degradation of GATA3 pre-mRNA, promoting tumor growth and metastasis in vivo (Lan et al., 2019).
However, METTL14, as a tumor suppressor in HCC, is down-regulated. The stability of USP48 mRNA is reduced due to decreased m6A modification of METTL14 and leads to the degradation of its downstream target gene SIRT6, which ultimately enhances aerobic glycolysis in tumor cells (Du et al., 2021). In addition, METTL14, as an anti-metastatic factor, acts as a favorable factor for HCC by regulating m6A-dependent miRNA processing (Ma et al., 2017).
Downregulation of ALKBH5 is associated with poor prognosis in HCC. Decreased expression of ALKBH5 leads to increased 3′UTR m6A modification of LYPD1 mRNA, which in turn results in the increased expression of LYPD1, which promotes tumor cell growth, migration, invasion and metastasis (Chen et al., 2020c). FTO can increase the proportion of stem-like cells in HCC by enhancing the expression of SOX2, KLF4, and NANOG (Bian et al., 2021).
YTHDF1 is highly expressed in HCC and associated with poor survival. YTHDF1 participates in the progression of HCC by activating the PI3K/AKT/mTOR signaling pathway and inducing EMT (Luo et al., 2021). Overexpressed IGF2BP2 can directly recognize and bind to the m6A site of FEN1 mRNA, enhancing the stability of FEN1 mRNA and promoting the proliferation of liver cancer cells in vitro and in vivo (Pu et al., 2020).
Breast Cancer
m6A regulatory factor is an important participant in the malignant progression of breast cancer and may be a prognostic and therapeutic target for BCa. METTL3 is highly up-regulated in BCa and predicts a poor prognosis. High expression of METTL3 can increase the modification level of downstream target mRNA 3′UTR m6A and enhance the stability and translation of mRNA, such as BCL-2 (Wang et al., 2020a), SOX2 (Xie et al., 2021), KRT7 (Chen et al., 2021a), MALAT1 (Zhao et al., 2021), etc., which can promote BCa cell proliferation, EMT, invasion, metastasis, tumorigenicity and stem cell. Tumor immune deficiency is an important cause of tumorigenesis. PD-L1, the ligand of PD-1, is highly expressed in many cancers and is closely associated with mortality in cancer patients, establishing the role of PD-1 in cancer-induced immunosuppression. METTL3 enhances the stability of PD-L1 mRNA, promotes the expression of PD-L1 and induces tumor immunosuppression by relying on m6A modification (Wan et al., 2022). However, METTL3 is low expression in triple negative breast cancer (TNBC) and strongly associated with short-distance-metastasis-free survival. METTL3 knockout can enhance cell migration, invasion and adhesion by reducing m6A level (Shi et al., 2020). Downregulation of METTL14 and ZC3H13 in BCa, act as tumor suppressor, has been found in breast cancer and poor prognosis is predicted (Gong et al., 2020).
High levels of FTO were significantly associated with lower survival in BCa patients. FTO promotes BCa cell proliferation, colony formation and metastasis in vitro and in vivo (Niu et al., 2019; Xu et al., 2020).
YTHDF1 and YTHDF3 are highly expressed in BCa patients and with poor prognosis, which can enhance the expression of related genes, such as FOXM1, ST6GALNAC5, GJA1, EGFR, VEGFRA, etc., and promote the metastasis, invasion and angiogenesis of BCa cells (Chang et al., 2020; Chen et al., 2022).
The Diverse Role of m6A in Cancer
More recently, extensive efforts have been made to investigate the biological effects of dysregulated m6A modifications and related mechanisms (i.e., m6A writers, erasers, and reader proteins) in various cancers, such as prostate cancer (Wang et al., 2022), colorectal cancer (Tanabe et al., 2016; Zhu et al., 2020b), gastric cancer (Xu et al., 2021), esophageal cancer (Guo et al., 2020), cervical cancer and endometrial cancer (Zhang and Yang, 2021; Huang et al., 2022), pancreatic cancer (Li et al., 2021), skin cancer (Yang et al., 2021), etc. Moreover, METTL16, as an independent regulator, plays an important role in RNA m6A modification. In the nucleus, METTL16 functions as a writer for the deposition of m6A in its specific mRNA; And in the in the cytoplasm, METTL16 could promote the translation of over 4000 mRNA transcripts via interacting with eIF3a and 3b (Su et al., 2022). In addition, m6A regulator also involved the immune response. There is evidence that the m6A eraser FTO can decrease the response of PD-1 inhibitor immunotherapy and promote tumorigenesis. Knockdown of FTO enhances the sensitivity to interferon gamma (IFNγ) and anti-PD-1 therapy (Yang et al., 2019). Furthermore, FTO could promote the malignant transformation and tumorigenesis via up-regulated the target gene NEDD4L in keratinocytes. Upon further investigation, it was found that the FTO expression was elevated after treated with low-level arsenic which is a human carcinogen (Cui et al., 2021).
Above all, different m6A regulators have different biological effects in various tumors. Even if the same regulator is in the same tumor but is of different molecular subtypes, the biological effects are also not the same, which may be related to tumor heterogeneity and tumor microenvironment. In general, m6A plays an important role in the regulation of tumor cell proliferation, cell cycle, EMT, invasion, metastasis, stemness maintenance, apoptosis, immune effect, and other aspects, which is of great significance for the occurrence and development of tumors.
PART 3: THE ANTI-CANCER EFFECT OF NATURE PRODUCTS BY REGULATING M6A MODIFICATION
Natural products and compounds derived from natural products account for about 40% of all drugs approved for clinical use, among which ∼70% of anticancer drugs are derived from natural products. (Butler et al., 2014; Newman and Cragg, 2016; Bahman et al., 2018; Sahm et al., 2020). After years of efforts, natural products have also made great progress in anti-cancer, and many natural small molecules have been successfully marketed and become star therapeutic drugs in the corresponding field. For example, paclitaxel, camptothecin, homoharringtonine, ginsenoside Rg3, etc. In recent years, with the deepening of understanding and attention to natural products, many new opportunities have been brought to the development of natural anti-tumor molecules (Singla et al., 2021a; Singla et al., 2021b; Tan et al., 2021; Wang et al., 2021; Singla et al., 2022).
β-Elemene
Elemene, a sesquiterpenoid natural compound, is the extraction of traditional Chinese medicinal material herb Curcuma wenyujin, and which is a mixture of β-, γ-, δ-elemene with β-elemene as the main component. β-elemene, the most important component of elemene for pharmaceutical activity, has been shown to be effective in vitro and in vivo against a variety of cancers, such as lung, leukemia, liver cancer, gastric, cervical cancer, colorectal, ovarian, glioblastoma, and melanoma, and so on (Li et al., 2013; Bayala et al., 2014; Gong et al., 2015; Liu et al., 2016; Jiang et al., 2017; Fu et al., 2018; Chen et al., 2020a).
Gefitinib, a classic epidermal growth factor receptor (EGFR) tyrosine kinase receptor inhibitor, has been a bottleneck in the treatment of NSCLC due to the problem of drug resistance (Onitsuka et al., 2010; Sun et al., 2020). Studies have shown that METTL3 is highly expressed in NSCLC and promotes the occurrence and development of NSCLC by promoting tumor cell proliferation, EMT, invasion, metastasis, angiogenesis, and anti-apoptosis. Moreover, highly expressed METTL3 can increase autophagy in NSCLC by upregulating autophagy-related proteins ATG5 and ATG7, and eventually lead to resistance to gefitinib and other EGFR TKI drugs. β-elemene can directly inhibit the expression of METTL3, but not VIRMA and METTL14, causing the down-regulation of autophagy-related proteins LC3B, ATG5, and ATG7, thereby inhibiting autophagy, tumor cell proliferation and promoting cell apoptosis, and finally reversing the effect of gefitinib resistance in NSCLC (Liu et al., 2020). In addition, PTEN is a well-known tumor suppressor in various cancers and acts as a negative regulator of PI3K-Akt pathway. β-elemene can reduce the level of m6A modification of PTEN mRNA by downregulating the expression of METTL3, resulting in an increase in the expression of PTEN protein, which ultimately inhibits the growth of tumor cells and promotes apoptosis (Feng et al., 2022).
Soy Isoflavones Genistein
Genistein is a major active factor in soy isoflavones, the most effective functional component in soy isoflavone products, and has a variety of physiological functions. Genistein is similar in structure to mammalian estrogen-estradiol, and has the diphenolic hydroxyl active group of estrogen. So genistein has various physiological activities such as estrogen-like activity.
Studies have shown that the antioxidant and anti-proliferative properties of soy isoflavones are the main reasons for their anti-cancer effects. Soy isoflavones have obvious therapeutic effects on breast cancer, colon cancer, lung cancer, prostate cancer, skin cancer, and leukemia. Soy isoflavones can also prevent the occurrence of ovarian cancer, colon cancer, stomach cancer, and prostate cancer (Suthar et al., 2001; Sarkar et al., 2006; Kaushik et al., 2018; Park et al., 2018; Imai-Sumida et al., 2020; Aboushanab et al., 2021). In addition, down-regulation of ALKBH5 expression enhanced the expression of mesenchymal phenotype markers α-smooth muscle actin and snail, which are factors that promote EMT. Genistein can increase the expression of ALKBH5, reduce the level of RNA m6A and inhibit EMT (Ning et al., 2020).
Resveratrol
Resveratrol, a non-flavonoid polyphenolic organic compound, is a phytoalexin with the chemical formula C14H12O3. It can be synthesized in grape leaves and grape skins, and is a biologically active ingredient in wine and grape juice. Resveratrol has antioxidant, anti-inflammatory, anti-cancer and cardiovascular protection effects (Rauf et al., 2018a). The heavy metal cadmium (Cd) can promote the migration and invasion of colorectal cancer cells, and Cd could upregulate the expressions of N-cadherin, vimentin, and ZEB1 and downregulate the expression of E-cadherin in colorectal cancer cells. Resveratrol could reverse Cd-promoted migration, invasion, and EMT processes by modulating ZEB1 expression (Qian et al., 2021b). Moreover, resveratrol can reduce aflatoxin B1-induced ROS accumulation, and can also cause changes in m6A modification-related proteins, including: METTL3, FTO, YTHDF2 (Wu et al., 2020).
Rhein
Extracted from the rhizome of Rheum palmatum, Rhein is the main bioactive component of Dahuang (rhubarb) therapeutic laxatives. In tumors, Rhein mainly inhibits cell proliferation, promotes cell apoptosis, inhibits tumor cell invasion, and metastasis, and enhances hypoxia tolerance, and so on. Its target signaling pathways include: PI3K-Akt, MAPK (ERKs, JNKs, P38), Wnt, NF-kB, et al. (Henamayee et al., 2020). Rhein was the first FTO-competitive inhibitor discovered, which can increase the level of m6A modification on intracellular target mRNA. In addition, Rhein can reversibly bind to FTO or ALKBH5 to form a complex and prevent recognition of intracellular m6A substrates (Chen et al., 2012; Zannella et al., 2021).
Baicalin
Baicalin is a flavonoid compound extracted and isolated from the dry root of Scutellaria baicalensis Georgi (a dicotyledonous Lamiaceae plant), which has a variety of biological activities, including bacteriostatic, diuretic, anti-inflammatory, cholesterol-lowering, anti-thrombotic, anti-asthmatic, hemostatic, anti-allergic, and antispasmodic effects, and also has a strong anti-cancer biological effect (Wang et al., 2015; Gong et al., 2017; Lai et al., 2018).
Type 2 diabetes (T2D) is defined as a metabolic disorder characterized by hyperglycemia that can lead to abnormal organ metabolism or hormones, which in turn lead to a variety of diseases, including cancer. High glucose environment can induce hepatoma cells to up-regulate the expression of HKDC, which can promote the proliferation, invasion and metastasis of tumor cells by downregulating the HKDC/JAK2/STAT1/caspase-3 signaling pathway. Baicalin can reduce the m6A modification level of HKDC mRNA by inhibiting METTL3, which leads to the decrease of HKDC expression and the upregulation of HKDC/JAK2/STAT1/caspase-3 signaling pathway, and finally inhibits the invasion and metastasis of tumor cells (Jiang et al., 2022). In addition, Baicalein inhibits pancreatic cancer cell proliferation and invasion by inhibiting NEDD9 and its downstream Akt and ERK signaling pathways (Zhou et al., 2017).
Others Natural Product
Humantenine, an indole alkaloid compound isolated from Gelsemium elegans, is a traditional medical herb with a drug use. Wu et al (2022) studies indicated that the humantenine leads to the colon cancer cell injury via affecting the gene transcriptome and m6A regulators, including RBM15, METTL3, YTHDF3, and ALKBH5 are up-regulated, and RBM15B, ZC3H13, hnRNPA2BA, YTHDC1, YTHDC2, YTHDF2, and IGF2BP3 are down-regulated.
Curcumin, a polyphenol extracted from turmeric in 1815, has attracted worldwide attention due to its biological activities (such as antioxidant, anti-inflammatory, antibacterial, and antiviral), among which its anticancer potential has been described the most, and the relevant anticancer mechanism is still being investigated (Mortezaee et al., 2019; Wang et al., 2021). Curcumin inhibits the occurrence and development of tumor cells by regulating the expression of growth factors, inflammatory factors, apoptosis-related proteins, protein phosphokinases, and receptors, and cell proliferation-related genes, such as FGFs, VEGF, EGF/EGFR, TNF, IFN, ILs, Caspase-3/6/8/10, FADD, MAPK, JNK, IKK, Survivin, MCL-1, BCL-xL, cIAP-1/2, BCL-2, c-Myc, PCNA, Cyclin D1, etc (Giordano and Tommonaro, 2019). Unfortunately, there is still no relevant report on the relationship between curcumin and m6A enzyme, which also provides a broad space for us to explore the correlation between curcumin and m6A enzyme and its anti-cancer mechanism.
Chrysin (5,7-dihydroxyflavonoid) is a natural, bioactive dietary flavonoid commonly found in a variety of plant extracts, including chamomile, pleurotusostreatus, and honeycombs, as well as in honey and propolis, which has a significant medicinal function and economic value. Chrysin has a variety of biological properties, including anti-cancer, antioxidant, anti-inflammatory, antibacterial, and other effects. Several recent studies have reported that chrysin exerts its anti-cancer effects on endometrial cancer, gastric cancer, breast, lung, cervical, bladder, breast cancer, and colorectal cancer, etc. via selectively inhibiting various cell signaling pathways, such as: Akt/mTOR, JNK1/2, ERK1/2, NF-κB, etc., and promoting tumor cells apoptosis and autophagy (Xia et al., 2015a; Xia et al., 2015b; Roy et al., 2019; He et al., 2021). However, the regulatory relationship between chrysin and m6A enzyme has not been reported.
In addition, there are a number of natural products with anticancer activities, such as: cucurbitacin B, ailanthone, fucoidan, casearlucin A, Wan-Nian-Qing prescription, bruceine D, cinnamaldehyde, fisetin, quercetin, betulinic acid, astragalus polysaccharide, ginsenosides, panax notoginseng saponins, and so on (Wong et al., 2015; Syed et al., 2016; Rauf et al., 2018b; Li et al., 2020c; Jiang et al., 2021a; Huang et al., 2021c; Imran et al., 2021; Yao et al., 2021). By regulating the whole process of tumor occurrence and development, such as cell cycle, apoptosis, autophagy, invasion, and migration, and cell metabolic reprogramming, etc. (Figure 2), these natural products have broad research value and clinical treatment in the field of anti-cancer.
[image: Figure 2]FIGURE 2 | Natural products and m6A in anti-cancer research. (A) The structure of the common natural anticancer products, follow as: β-elemene, genistein, resveratrol, rhein, baicalin, humantenine, curcumin, chrysin. (B) The anti-cancer effects of β-elemene, genistein, resveratrol, rhein, baicalin depended on m6A enzyme. (C) The possible mechanism of nature products mediated m6A modification in tumor cell proliferation, apoptosis, angiogenesis, EMT, invasion, metastasis, maintenance of tumor cell stemness, tumor metabolism, chemosensitivity, tumor immunity, tumor microenvironment, and epigenetic modification.
CONCLUSION
More and more studies have shown that m6A modification plays a key role in the tumorigenesis and progression of various cancers, and the abnormal expression of m6A modification-related proteins is closely related to the occurrence and development of tumors. Natural products have broad prospects and applications in the field of anti-tumor research. At present, some natural products have played an important role in clinical applications. There are relatively few studies on the regulation of m6A modification by natural products, and need more extensive and in-depth research in the field of anti-tumor. The role of natural products in tumors needs further study, m6A modification in cell proliferation, apoptosis, angiogenesis, EMT, invasion, metastasis, maintenance of tumor cell stemness, tumor metabolism, chemosensitivity, tumor immunity, tumor microenvironment, and the roles and mechanisms of epigenetic modification still need to be further explored.
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Solamargine Inhibits the Development of Hypopharyngeal Squamous Cell Carcinoma by Decreasing LncRNA HOXA11-As Expression
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Hypopharyngeal squamous cell carcinoma (HSCC) is one of the high mortality cancers with a poor prognosis, which is driving the development of new chemotherapeutic agents. We identified the anticancer effects of a natural compound, solamargine (SM), on FaDU cells and explored its mechanism in terms of non-coding RNA. It was observed that SM inhibited the proliferation of FaDU cells with an IC50 of 5.17 μM. High-throughput sequencing data revealed that lncRNA HOXA11-AS was significantly downregulated in cells co-incubated with SM. Further assays demonstrated that SM-induced downregulation of lncRNA HOXA11-AS showed important implications for apoptosis. Given the properties of HOXA11-AS as a miR-155 sponge, we further confirmed that SM upregulated the expression of miR-155 in FaDU cells. C-Myc is a transcription factor that regulates cell differentiation and apoptosis, whose mRNA is considered to be targeted by miR-155. We showed that c-Myc expression was downregulated by SM and accompanied by increased apoptosis, which was consistent with the findings of transcriptome sequencing. Furthermore, SM administration suppressed xenograft tumor growth in a xenograft mouse model in vivo. In the light of the aforementioned findings, our results suggested that SM downregulated the expression of HOXA11-AS, which in turn induces apoptosis by downregulating c-Myc in FaDU, providing evidence for the anticancer effect of SM on HSCC and uncovering the effect of SM on non-coding RNAs as, at least partly, a mechanism of action.
Keywords: solamargine, hypopharyngeal squamous cell carcinoma, HOXA11-AS, miR-155, c-Myc
INTRODUCTION
Hypopharyngeal cancer (HPC) is a subtype of head and neck cancer, which has a poor prognosis than other head and neck cancers, with an overall survival rate of only 20% (Hoffman et al., 1997; Iwae et al., 2017). In the United States, the annual incidence of HPC is approximately 3,000 cases per year, with the majority of patients in advanced/late stages (Kuo et al., 2014). Hypopharyngeal squamous cell carcinoma (HSCC) is a predominant histotype of HPC that accounts for 95% of the total HPC types (Gang et al., 2022). There are significant regional variations in the epidemiological distribution of HSCC, with the highest incidence in South–Central Asia (Bray et al., 2018), which may be related to smoking, alcohol consumption, and dietary habits (Kwon and Miles, 2019). What is more worrying is that HSCC is prone to recurrence, and nearly 50% of patients recur within 1 year of diagnosis, often accompanied by metastatic (Hall et al., 2008).
LncRNA, a class of RNA transcripts greater than 200 bp length, has been a hot topic in tumor research (Peng et al., 2017). It is involved in the regulation of cancer development (Ijaz et al., 2018), including cell proliferation, migration, invasion, and apoptosis. HOXA11-AS (NCRNA 00076), the antisense strand of the HOXA11 gene, regulates the growth and metastasis of cancer cells and is currently considered a cancer biomarker and therapeutic target (Xue et al., 2018). Recently, HOXA11-AS has been recognized to hold application potential as a circulating biomarker for early detection of HSCC, which promoted HSCC development by sponge to tumor suppressor miR-155 (Xu et al., 2020).
Natural products have long been an essential source of anticancer agents (Rastelli et al., 2020). Solamargine (SM), a steroidal alkaloid glycoside derived from plants of the Solanum species such as Solanum nigrum, has been considered to carry the anticancer activity for decades (Kalalinia and Karimi-Sani, 2017). SM has shown potent anticancer effects exhibiting a very low IC50, against a variety of cancers including liver cancer (Sani et al., 2015), lung cancer (Liang et al., 2004), breast cancer (Shiu et al., 2007), melanoma, prostate cancer (Xiang et al., 2016), colon cancer (Rastelli et al., 2020), and cervical cancer (Kalalinia and Karimi-Sani, 2017). One study comparing the sensitivity of SM to conventional chemotherapy agents on lung cancer cells showed that SM was the most sensitive of these chemotherapy agents including paclitaxel and cisplatin (Liu et al., 2004). In another study on human melanoma cancer cells, SM was shown to exert anticancer effects with a low impact on normal and benign WM35 cells, suggesting its selectivity for primary melanoma cells WM239 (Al Sinani et al., 2016). These characteristics of SM prompted us to explore its anticancer activity against HSCC and the involvement of non-protein-coding RNAs (ncRNA).
In the present study, we preliminarily evaluated the effect of SM on FaDU cell phenotypes. High-throughput sequencing was utilized to examine the regulation of lncRNAs by SM treatment (Booton and Lindsay, 2014). According to the vital role of lncRNA HOXA11-AS in HSCC and our data obtained from high-throughput sequencing, we revealed the involvement of HOXA11-AS in the inhibitory effect of SM on the proliferation of FaDU cells. These findings may contribute to the development of SM as an anticancer compound for HSCC applications.
MATERIALS AND METHODS
Cell Culture
The FaDU cell lines were obtained from the Affiliated Hospital of Changchun University of Chinese Medicine. FaDU cells were cultured in RPMI-1640 (Servicebio, Wuhan, China) supplemented with 10% fetal bovine serum (Servicebio, Wuhan, China), and 1% penicillin and streptomycin (Servicebio, Wuhan, China). The cells were cultured at 37°C in a 5% CO2 incubator.
MTT Assay
The MTT assay was applied to determine the effect of SM on FaDU cell viability (Jin et al., 2014). FaDU cells were seeded into 96-well culture plates at 8,000 cells per well. The adherent cells were treated with 2 and 5 µM SM for 24, 48, and 72 h. After that, 10 μl of MTT solution (5 mg/ml) was added to each well and incubated at 37°C for 4 h. Then, the MTT solution was removed, and DMSO was used to dissolve formazan. The optical density (OD490 nm) value was detected using a microplate reader (Multiskan FC, Thermo Fisher) at 490 nm.
EdU Staining
The cell proliferation ability was detected by 5-ethynyl-2′-deoxyuridine (EdU) staining (Kazda et al., 2016). FaDU cells were plated into 24-well culture plates at a density of 1 × 104 cells/well. After 24 h, an equal volume of culture medium containing EdU (10 μM) was added to the cells and incubated for 2 h at 37°C, 5% CO2. Cells were fixed and permeabilized following EdU kit (Beyotime, Beijing, China) according to the manufacturer’s instructions. The cell nuclei were labeled with Hoechst 33342 stain. The results were photographed using an inverted fluorescence microscope, and the values of EdU-positive were analyzed by ImageJ software.
Live/Dead Cell Staining
Live/dead cell staining was performed to evaluate the effects of SM on FaDU cell viability. FaDU cells were cultured in 24-well plates at 5 × 104 cells per well. After treatment with SM (2 μM and 5 µM) for 24 h, cells were stained following the live/dead cell staining kit instructions (Beyotime, Beijing, China), at room temperature, away from light, for 30 min. Later, the cells were washed with phosphate-buffered saline (PBS). Fluorescence images were captured by inverted fluorescence microscopy (Leica, Wetzlar, Germany).
Transwell Assay
To examine the invasive ability of FaDU cells, we performed a transwell assay. In total, 1 × 105 cells per well were seeded in the upper compartment of Matrigel-coated invasion chambers in FBS-free media. Next, 500 µl RPMI-1640 medium containing 10% FBS was added to the lower chamber. After 24 h, migrated cells were fixed with 4% paraformaldehyde, stained with crystal violet, and counted with microscopy and ImageJ software.
Clone Formation Assay
For colony formation assay, FaDU cells were seeded in six-well cell culture plates at 2,000 cells per well overnight. Then, the medium was replaced by the culture medium containing 2 µM SM for 10 days. Every 3 days, the culture medium in the wells was replaced. All cells were washed with PBS, fixed with 4% paraformaldehyde, and stained with crystal violet (Beyotime, Beijing, China). The images of the colony were photographed using the camera, and ImageJ was used to count them.
Wound Healing Assay
The migration activity of FaDU cells was detected using wound healing assay. FaDU cells were seeded at 6 × 105 cells per well of a six-well plate. When the cells reached 90% confluence, a 200-μL pipette tip was used to produce scratch wounds. Then, cells were treated with 2 and 5 μM SM. The area of the FaDU migrating into the wound was recorded with microscopy at time points of 0, 24, and 48 h and analyzed with ImageJ software.
Cell Cycle and Apoptosis Assay
FaDU cells were cultured at a density of 8 × 105 cells per well in six-well plates. Cells were then treated for 24 h with 2 and 5 μM SM. For assay of the cell cycle, Cell Cycle and Apoptosis Analysis Kit (Beyotime, Shanghai, China) was applied. Cells were stained according to the kit instructions after being fixed overnight at 4°C in 70% ethanol. Detection of experimental results was carried out using flow cytometry. For the assay of cell apoptosis, Annexin V-FITC apoptosis detection kit (Beyotime, Shanghai, China) was applied. The drug-treated cells were collected and stained according to the kit instructions. Detection of experimental results was carried out using flow cytometry and analysis with FlowJo software.
LncRNA-Seq and Data Analysis
FaDU cells were cultured in 10-cm Petri dishes. After attachment, cells were treated with 2 and 5 μM SM for 24 h. LncRNA sequencing was performed on total RNA from cells isolated with TRIzol solution. After removal of ribosomal RNA, the next-generation sequencing (NGS) library was constructed, and sequencing of the constructed libraries was performed with Illumina NovaSeq. Trim_galore (0.6.4) was used to remove spliced sequences, and sequences with QCs less than 25 from the raw sequencing data were read to obtain clean data. Clean data were aligned to the human genome (hg38) using HISAT2 (2.1.0). Transcripts were quantified and annotated using feature counts (1.3.3) to obtain counts for each transcript. Transcripts were normalized using DESeq2, and KEGG enrichment analysis was performed for differentially expressed genes. The KEGG enrichment analysis of differentially expressed genes was performed using the R package clusterProfiler. Tumor tissues refer to head and neck tumor tissues, and normal tissues refer to the tissues of patients without head and neck cancer. Gene expression data from patients with HPC and clinical data were downloaded from TCGA. The R package “survival” was used to calculate the survival rate of patients and construct Kaplan–Meier curves.
qRT-PCR
FaDU cells were cultured in 6-cm Petri dishes. After attachment, cells were treated with 2 and 5 μM SM for 24 h. Total RNA was extracted using TRIzol (Invitrogen). Then, using the SweScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Remover) (Servicebio, Wuhan, China) to synthesize cDNA according to the instructions. In addition, real-time fluorescent quantitative PCR was performed on a PikoReal 96 Real-Time PCR system using 2 × Fast SYBR Green qPCR Master Mix (None ROX) (Servicebio, Wuhan, China). GAPDH was used as an internal control, and the relative gene expression was calculated with the 2−ΔΔCt method.
SiRNA Transfection
To further investigate the molecular mechanism of SM-regulated lncRNA in HSCC, we performed the knockdown assay. FaDU cells were cultured in 10-cm dishes. When cell confluency met approximately 75%, cells were transfected with si-HOXA11-AS or si-NC using Lipofectamine™ 3000 (Invitrogen). The expression level of lncRNA HOXA11-AS in transfected FaDU was verified by qPCR. The siRNA oligonucleotide sequences were 5′-AAUGAGAGAGUGUAAUCAAGAUUdTdT-3’ (si-HOXA11-AS) and 5′-UCGUCAACGUUGCAUUGCGAUAUdTdT-3’ (si-NC).
Dual-Luciferase Reporter Gene Assay
The luciferase reporter plasmid (lncRNA HOXA11-AS-WT or lncRNA HOXA11-AS-MUT) and miR-155 mimics were transfected into 293T cells, respectively. After 24 h of transfection, cells were lysed. Following the instructions of the Dual-Luciferase Reporter Gene Assay Kit (Beyotime, Shanghai, China), we set up different groups. After adding the firefly luciferase reaction solution, we detected the firefly luciferase fluorescence intensity using a microplate reader (Multiskan FC, Thermo Fisher). Then, we added the Renilla luciferase reaction solution and detected the Renilla luciferase fluorescence intensity.
Immunoblotting Assay
Drug-treated FaDU cells were collected, and the proteins were isolated by lysis in RIPA buffer. Subsequently, protein concentrations were determined using a BCA protein reagent assay kit (Beyotime, Shanghai, China). Next, 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed. Primary antibodies against c-Myc, P53, and anti-β-actin (Proteintech, 60004-1-Ig) were used overnight at 4°C. The secondary antibody was a goat anti-mouse HRP secondary antibody. The Western blot image was captured by Fusion FX Imaging systems (VILBER Lourmat, Collégien, France), and densitometric analysis was performed by ImageJ.
Xenograft Tumor Model
Six-week-old male BALB/c mice right axillae were shaved. FaDU cells (2 × 106) were injected subcutaneously into the right axilla of the mice. After 1 week of inoculation, 10 mice were randomly divided into two groups; the control group was injected with saline, and the SM group was injected with 10 mg/kg/d SM. Mice in each group were injected once daily for 30 days. The weight of the mice was recorded every 3 days. At the end of the treatment, the mice were sacrificed, the transplanted tumor was removed, and the tumor volume was recorded and weighed.
Statistical Analysis
Data were statistically analyzed with GraphPad Prism 9.3.0. All experiments were performed in triplicate. Data are expressed as mean ± SD, and a two-sided p < 0.05 was considered significant.
RESULTS
SM Inhibits FaDU Cell Proliferative and Migration Ability
In order to clarify the cytotoxic effect of SM on FaDU cells, the MTT assay was carried out on FaDU cells treated with SM (2 and 5 μM) for 72 h. The results showed that SM significantly inhibited the cell viability in a dose-dependent and time-dependent manner, and 5 μM SM inhibited cell proliferation by 50.68% for 48 h in MTT assays (Figure 1A). The IC50 (48 h) value of SM was 5.17 μM. EdU staining showed that novel proliferating cells were significantly reduced after SM treatment, as exhibited by the red fluorescence of EdU-positive cells attenuated in SM-treated FaDU cells (Figures 1B,C). The cytotoxic effect of SM on FaDU cells was then demonstrated by Calcein-AM/propidium iodide (PI) staining, as shown by an increase in red fluorescence of dead cells labeled by PI (Figure 1D). To evaluate the effect of SM on the migratory capacity of cells, wound healing assay was performed. We observed that SM inhibited cell migration and that SM (2 and 5 μM) increased the area of the wound compared to the DMSO group, indicating that cell migration was stifled by SM (Figures 1E,F). Clonogenic assays were performed to examine the impact of SM on the tumorigenicity of FaDU cells. The results showed that 2 μM SM greatly reduced the number of cell clones compared with the DMSO group, whereas FaDU cells treated with 5 μM had almost no clones visible after 10 days of incubation (data not shown) (Figures 1G,H). To examine the effect of SM on the invasion and migration ability of FaDU, the transwell assay was conducted. The results showed that SM (2 and 5 μM, for 24 h) had a significant inhibitory effect on the invasion ability of FaDU (Figures 1I,J). In summary, we verified for the first time the killing effect of SM on FaDU cells as well as its effect on cell migration and invasion capacity.
[image: Figure 1]FIGURE 1 | SM Inhibits FaDU cell proliferative and migration ability. (A) Cell viability of FaDU cells treated with DMSO and 2 and 5 μM SM was analyzed by MTT assay at 0, 24, 48, and 72 h (n = 5). (B,C) EdU/Hoechst staining of FaDU cells treated with SM (2 and 5 μM) for 48 h. The ratio of EdU+ cells calculated using ImageJ software was used to characterize cell proliferation (n = 3). (D) Calcein AM/PI staining of FaDU cells treated with SM (2 and 5 μM) for 48 h. (E,F) Cell migration of FaDU cells was tested by wound healing assay after treatment with DMSO and 2 and 5 μM SM, and the ratio was calculated by ImageJ software. (G,H) Colony formation of FaDU cells was performed with DMSO and 2 and 5 μM SM. Relative of cell area statistic with ImageJ software. (I,J) Cell invasion was analyzed using the transwell assay of FaDU cells treated with DMSO and 2 and 5 μM SM. The relative migration rate was calculated with ImageJ software. *(p < 0.05), **(p < 0.01), and ***(p < 0.001) indicate statistically significant differences.
SM Mediates Apoptosis and Cycle Arrest in FaDU Cells
To uncover the potential mechanism of SM, we performed transcriptome sequencing and lncRNA high-throughput sequencing of 5 μM SM-treated FaDU. KEGG and GO enrichment analyses were performed on transcriptome sequencing results, in which a multitude of altered cellular pathways, apoptosis, and cycle arrest were floated. In the following assays, we examined the effect of SM on apoptosis and cycle in FaDU cells by flow cytometry (Figure 2A). Flow cytometry results for the cell cycle showed that the proportion of cells in the G2 phase increased and that of G1 phase cells decreased in SM-treated FaDU cells, indicating that SM resulted in the G2 phase block in FaDU cells (Figures 2B,C). The proportion of apoptosis in FaDU cells was increased by SM treatment, in which the proportion of early apoptosis increased (Q3) from 0.41 ± 0.02% to 11.73 ± 0.91% while that of late apoptosis (Q2) increased from 2.80 ± 0.06% to 12.93 ± 0.45% in FaDU cells treated with 5 μM SM for 48 h (Figures 2D,E).
[image: Figure 2]FIGURE 2 | SM mediates apoptosis and cycle arrest in FaDU cells. (A) Enriched KEGG pathways of differentially expressed mRNAs in FaDU cells after 5 μM SM treatment. p-value < 0.05. (B,C) Cell cycle assay was examined by flow cytometry in FaDU cells treated with DMSO and 2 and 5 μM SM. The result was analyzed using FlowJo software. (D,E) Apoptosis of FaDU cells treated with DMSO and 2 and 5 μM SM was analyzed using flow cytometry, and the total apoptosis proportion was calculated by FlowJo software. (F,G) Effect of SM on apoptosis determined by the level of the cleaved caspase-3 protein. *(p < 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001) indicate statistically significant differences.
SM Suppresses the Expression of LncRNA HOXA11-As, Which Is Responsible for the Proliferation of FaDU Cells
Regarding lncRNA sequencing, the sequencing data showed that 244 differentially expressed lncRNAs were found in the SM-treated FaDU cells compared to that of untreated cells, of which 94 lncRNAs were downregulated and 150 lncRNAs were upregulated. From the significantly downregulated lncRNA, we focused on the HOXA1-AS (Figure 3A). Previous studies have suggested that HOXA11-AS is located in the HOXA gene cluster and its aberrant expression plays an important role in the development of various cancers such as non-small cell lung cancer, hepatocellular carcinoma, gastric cancer, and breast cancer (Wei et al., 2020). We performed the qRT-PCR assay for validation of lncRNA high-throughput sequencing findings, showing that SM was able to reduce HOXA1-AS expression in FaDU (Figure 3B). According to The Cancer Genome Atlas (TCGA) database, it was shown that the expression of HOXA1-AS was higher in head and neck tumor tissue than that in normal tissue (Figure 3C). Furthermore, patients with hypopharyngeal cancer with high HOXA1-AS expression were associated with lower survival rates (p = 0.0042), suggesting that the lncRNA HOXA1-AS represents a key point in the regulation of HSCC development (Figure 3D). The following experiments were carried out to identify the effect of HOXA1-AS on the proliferation and apoptosis of the HSCC cell line FaDU. As shown in Figure 3E, FaDU cells were transfected with si-HOXA11-AS. After transfection, qRT-PCR detection showed that the expression inhibition rate of HOXA11-AS in FaDU cells was 57.65%. To verify the role of HOXA11-AS in FaDU cell viability, we performed MTT assays on transfected cells, which showed a decrease in cell viability after 48 h of transfection, with 33.24% reduction compared to the control group (Figure 3F). We performed the cell counting test and confirmed consistent results that inhibition of HOXA11-AS led to a decrease in cell proliferation (Figure 3G). In order to verify the effect of HOXA11-AS on apoptosis in FaDU cells, apoptosis was measured by flow cytometry using Annexin-V/PI double staining and showed that transfection with si-HOXA11-AS caused an increase in the proportion of apoptotic cells, from 2.37 ± 0.56% to 8.46 ± 0.2% in the si-HOXA11-AS group compared to the si-NC group (Figure 3H). The aforementioned results suggested that downregulation of lncRNA HOXA11-AS by SM may be a prominent mechanism for SM to inhibit FaDU cell proliferation.
[image: Figure 3]FIGURE 3 | SM suppresses the expression of lncRNA HOXA11-AS, which is responsible for the proliferation of FaDU cells. (A) Volcano plot shows differentially expressed lncRNAs in FaDU cells treated with DMSO and 5 μM SM. Blue dots represent the downregulated lncRNAs, while red dots represent the upregulated ones. (B) Relative expression of lncRNA HOXA11-AS was analyzed by RT-PCR after DMSO and 2 and 5 μM SM treatment in FaDU cells. (C) Expression of HOXA1-AS in head and neck tumor tissue and in normal tissue. The cut-off value for low and high HOXA11-AS expression was 0.03143. (D) Impact of lncRNA HOXA11-AS expression levels on survival of patients with hypopharyngeal cancer in TCGA database. (E) Relative expression of lncRNA HOXA11-AS in FaDU cells transfected with si-Nc and si-HOXA11-AS was detected by RT-PCR. (F) Cell viability of FaDU cells transfected with si-Nc and si-HOXA11-AS was analyzed by MTT assay at 0, 24, and 48 h (n = 5). (G,H) Apoptosis of FaDU cells transfected with si-Nc and si-HOXA11-AS was analyzed by flow cytometry, and the total apoptotic percentage was calculated using FlowJo software. **(p < 0.01) and ***(p < 0.001) indicated statistically significant differences.
SM Regulates miR-155-Induced Apoptosis by Reducing LncRNA HOXA1-AS Expression
The base pairing pattern diagram is shown in Figure 4A to predict lncRNA HOXA11-AS targeting miR-155. This finding is supported by a previous study that lncRNA HOXA11-AS promoted the proliferation of HSCC through the sponge miR-155 (Xu et al., 2020). The results of the dual-luciferase reporter gene assay confirmed that lncRNA HOXA11-AS could bind to miR-155 and negatively relate with the expression of miR-155. In addition, the wiggle plot of lncRNA HOXA11-AS showed that the RNA-seq signal covers the potential miR-155 binding site (Supplementary Figure S1A). To investigate whether miR-155 is involved in the regulation of SM inhibition of FaDU cell proliferation, the qRT-PCR assay was carried out, showing miR-155 was elevated by 1.65-fold when treated with 5 μM SM for 48 h compared to control cells (Figure 4B). The relative expression of miR-155 was analyzed by RT-PCR transfected with si-NC or si-HOXA11-AS in FaDU cells (Figure 4C). FaDU cells were transfected with miR-155 mimics and inhibitors to alter miR-155 expression for subsequent assays with the purpose of testing the effect of differences in the miR-155 expression on the proliferation and apoptosis of FaDU cells (Figure 4D). Data of MTT assays demonstrated that cells transfected with miR-155 inhibitors displayed higher cell viability than the negative control, while lower viable in miR-155 mimics-transfected cells (Figure 4E). In the apoptosis assay, a 21.07% increase in the apoptosis proportion was observed in cells transfected with miR-155 mimics (Figures 4F,G). These results suggested that increasing miR-155 expression suppressed cell viability and induced apoptosis. Furthermore, we evaluated the proliferation and apoptosis effects of 5 μM SM treatment on cells transfected with the miR-155 inhibitor which showed a 41.58% increase in cell viability compared to SM treatment alone (Figure 4H), as well as a 44.29% decrease in apoptosis proportion (Figures 4I,J). The proliferation-inhibiting and apoptosis-inducing effects of SM on FaDU cells were attenuated by the inhibition of miR-155 expression, suggesting that miR-155 may be involved in the mechanism of SM combating FaDU cells. Moreover, SM could significantly upregulate the expression level of the cleaved caspase-3 protein (Figures 2F,G). According to the fact that lncRNA HOXA1-AS sponges miR-155, combined with the regulatory effect of SM on the expression of lncRNA HOXA1-AS and miR-155, we considered that downregulation of lncRNA HOXA1-AS and upregulation of miR-155 were, at least partly, involved in inhibition of the proliferation of FaDU cells and apoptosis induction of SM.
[image: Figure 4]FIGURE 4 | SM regulates miR-155-induced apoptosis by reducing lncRNA HOXA1-AS expression. (A) Relative luciferase activity of 293 cells co-transfected with miR-155 NC or miR-155 mimics and the wild-type or mutated lncRNA HOXA11-AS. (B) Relative expression of miR-155 was analyzed by RT-PCR after DMSO and 2 and 5 μM SM treatment in FaDU cells. (C) Relative expression of miR-155 analyzed by RT-PCR transfected with si-NC or si-HOXA11-AS in FaDU cells. (D) Relative expression of miR-155 in FaDU cells was analyzed by RT-PCR after being transfected with the miR-155 mimic and inhibitor. (E) Cell viability of FaDU cells transfected with the miR-155 mimic and inhibitor was analyzed by MTT assay at 0, 24, and 48 h (n = 5). (F,G) Apoptosis of FaDU cells transfected with the miR-155 mimic and inhibitor was analyzed by flow cytometry, and the total apoptotic percentage was calculated using FlowJo software. (H) Cell viability of FaDU cells transfected with the miR-155 inhibitor and treated with 5 μM SM was analyzed by MTT assay at 0, 24, and 48 h (n = 5). (I,J) Apoptosis of FaDU cells transfected with the miR-155 inhibitor and treated with 5 μM SM was analyzed using flow cytometry, and the total apoptosis proportion was calculated by FlowJo software. *(p < 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001) indicate statistically significant differences.
SM Induces Apoptosis via LncRNA HOXA11-AS/miR-155/c-Myc/p53
Studies have shown that the transcription factor c-Myc, which regulates cell apoptosis, is an important target gene for miR-155. The base pairing pattern diagram of miR-155 and c-Myc sequence is shown in Supplementary Figure S1B. Furthermore, the qRT-PCR results showed that miR-155 mimics decreased c-Myc expression and vice versa, while miR-155 inhibitors increased c-Myc expression (Figure 5A). Then, we examined whether c-Myc was involved in the regulatory effect of SM on cells. The results obtained from qRT-PCR assay showed that the expression of c-Myc decreased by 71.66% after 5 μM SM treatment for 48 h, and the miR-155 inhibitor was able to significantly weaken the inhibitory effect of SM on c-Myc expression (Figure 5B). Immunoblotting assay verified that SM (2 and 5 μM) downregulated c-Myc protein expression and upregulated P53 protein (Figures 5C,D). Taken together, these results suggested that SM downregulated lncRNA HOXA11-AS, which in turn regulated c-Myc gene expression through sponge miR-155.
[image: Figure 5]FIGURE 5 | SM induces apoptosis via lncRNA HOXA11-AS/miR-155/c-Myc. (A) Relative expression of c-Myc in FaDU cells was analyzed by RT-PCR after being transfected with the miR-155 mimic and inhibitor. (B) Relative expression of c-Myc in FaDU cells was analyzed by RT-PCR after being transfected with the miR-155 inhibitor and treated with 2 and 5 μM SM. (C,D) Immunoblotting assay analysis of c-Myc and P53 in FaDU cells treated with DMSO and 2 and 5 μM SM. The grayscale values of the strips were analyzed with ImageJ software. **(p < 0.01) and ***(p < 0.001) indicate statistically significant differences.
SM Inhibits FaDU Development In Vivo
To investigate the tumor growth inhibitory effect of SM in vivo, a mouse xenograft tumor model was established, in which FaDU cells (2 × 106) were injected subcutaneously into the right axillary fossa of six-week-old female BALB/c mice. One week later, SM or saline was administrated. The mice in the SM group were injected with SM (10 mg/kg, i.v.) once daily, and the mice that were injected with saline served as controls. Body weights of the mice were recorded weekly. After 5 weeks of administration, tumors were separated, and their volume and weight were recorded. The data showed that there was no significant difference in body weight between the SM group and control, suggesting that there was no obvious toxicity in SM-treated mice (Figure 6A). The tumor volume and tumor weight decreased successively from 204.10 ± 80.01 mm3 to 20.53 ± 10.80 mm3 and from 73.6 ± 7.94 mg to 19.4 ± 5.31 mg, respectively, by SM treatment for 5 weeks, indicating that SM exerted a strong inhibitory effect on tumor development in vivo (Figures 6B–D).
[image: Figure 6]FIGURE 6 | SM inhibits FaDU xenograft tumor development in vivo. (A) Mice in the SM group were injected with SM (10 mg/kg, i. v.) once daily, and the mice that were injected with saline served as controls. The body weights of the mice were recorded weekly. After 5 weeks, tumors were separated, and their volume and weight were recorded. (B) Xenograft tumor morphology of the saline group and SM group. (C) Tumor weight of the saline group and SM group. (D) Tumor volume of the saline group and SM group. **(p < 0.01) and ****(p < 0.0001) indicate statistically significant differences.
DISCUSSION
HSCC is one of the head and neck cancers with a low incidence rate, but the prognosis is poor (Kwon and Miles, 2019). As its early stage is not easy to be detected, most patients are at an advanced stage, which increases the difficulty of treatment (Kuo et al., 2014). Although surgical treatment is capable of gaining sound local control, it will affect the normal speech function of patients and reduce their quality of life (Pracy et al., 2016; Wu et al., 2021). Chemotherapy remains one of the main strategies for HSCC, mainly including cisplatin (Janoray et al., 2020). The challenges of HSCC treatment necessitate the urgent search for a chemotherapeutic agent with few side effects and notable efficacy for patients.
LncRNAs were previously considered a byproduct of the transcription process, but with the in-depth into their research (Ma et al., 2013), their essential role in the development of many diseases becomes increasingly recognized, especially in cancer research. The aberrant expression or mutation of lncRNAs participates in a variety of tumor pathogenesis mechanisms, which include the regulation of proliferation, apoptosis, invasion, and migration of tumor cells (Xu et al., 2014; Bhan et al., 2017). One study of lncRNA and mRNA expression profiles in patients with HSCC identified differential expression of lncRNAs and mRNAs in cancer compared to para-cancer tissues, suggesting a potential regulatory role for multiple lncRNAs during the development of HSCC (Wang et al., 2016; Zhang et al., 2021).
We observed that SM exhibited a strong killing effect on HSCC cells, FaDU. The inhibitory effect of SM on tumor development was verified by establishing a xenograft tumor model. Then, high-throughput sequencing data clarified a key target of SM to inhibit cell proliferation, lncRNA HOXA11-AS. We verified that SM downregulated lncRNA HOXA11-AS, which could sponge miR-155, in turn, inhibited c-Myc and P53 expression, resulting in suppression of cell proliferation inhibition and apoptosis. P53 is a classic tumor suppressor gene, and MYC is the best-characterized proto-oncogene. The proto oncoprotein c-Myc and the tumor suppressor P53 are inextricably linked in regulating cell survival and proliferation (Huang et al., 2021). Therefore, we examined the protein expression of P53 in this study to observe the anticancer effect of SM more comprehensively.
HOXA11-AS is the antisense lncRNA of HOXA11 that regulates the proliferation and invasion of cancer cells (Xue et al., 2018). MicroRNA miR-155 exerts significant functions in physiological processes such as cell cycle, apoptosis, and proliferation, which are involved in regulating the development of multiple cancers (Yang et al., 2018; Michaille et al., 2019). Liu et al. demonstrated that miR-155 directly targeted programmed cell death 4 (PDCD4) to promote lung cancer cell growth in a model of nude mice (Xia and Zhao, 2020). Xu et al. (2020) pointed out that as a molecular sponge for miR-155, HOXA11-AS was significantly upregulated in HSCC and exerted a pro-tumorigenic effect by sponging a tumor suppressor miR-155 in HSCC. Our results indicated that SM was able to inhibit the development of FaDU xenograft tumors through suppression of HOXA11-AS, also providing evidence for HOXA11-AS on tumor regulation.
There is no direct experimental evidence about the molecular mechanism responsible for SM-induced HOXA11-AS downregulation in HSCC yet. Recently, growing evidence proves that transcription factors play a vital role in up- or downregulated lncRNAs in multiple cancers (Chen et al., 2019; Shuai et al., 2020). One study found that transcription factor homeobox B13 (HOXB13), identified as an upstream regulator of HOXA11-AS, could positively regulate the expression of HOXA11-AS in prostate cancer. Also, the HOXA11-AS combination with HOXB13 manipulates the level of bone-specific metastasis-related genes of prostate cancer (Misawa et al., 2021). SM regulates multiple signaling pathways related to tumor progression and drug resistance, such as tumor suppressor pathways, mitochondrial pathways, and death receptor pathways (Wu et al., 2020; Tang et al., 2022). In this study, SM induces apoptosis via the lncRNA HOXA11-AS/miR-155/c-Myc/p53 pathway. Therefore, a potential mechanism for SM downregulating HOXA11-AS expression is that SM may activate the upstream transcription factors of HOXA11-AS at the transcriptional level.
Natural compounds provide vital resources for the development of antitumor agents (Ijaz et al., 2018). Solamargine (SM), the extract of Solanum nigrum, exhibits a variety of therapeutic activities (Kalalinia and Karimi-Sani, 2017). Dozens of studies have demonstrated its potent killing effect on a variety of cancer cell lines. It is worth mentioning that SM shows an extremely low IC50 compared to most natural compounds. Liang et al. (2004) showed that the IC50 of SM on A549 cells was 2.9 μM, and Kuo et al. (2000) showed that the IC50 of SM on Hep3B cells was 5 μg/ml. We demonstrated for the first time the killing effect of SM on FaDU cells with an IC50 of 5.17 μM, which is comparable to other cancer cell lines, suggesting that SM has no obvious significantly selective killing effect on tumor cells. Considering the safety profile, Al Sinani et al. (2016) demonstrated that the cytotoxic effect of SM on human cancer cells was selective, evidenced by that it was able to selectively kill rapidly proliferating tumor cells with less damage to normal cells, indicating the promise of SM as an antitumor agent with few side effects and robust tumor-killing activity. The main mechanisms by which SM kills tumors include apoptosis, cycle arrest, and inhibition of tumor cell migration and invasion (Kalalinia and Karimi-Sani, 2017). Although the antitumor effect of SM has been widely recognized, the study of its effect on HSCC therapy is still blank. Our study confirmed the anti-HSCC tumor efficacy of SM for the first time, which revealed and broadened its application. We also explored the mechanism of SM killing FaDU cells with regard to ncRNA.
CONCLUSION
In this study, we revealed the effect of SM on FaDU cell phenotypes. According to the vital role of lncRNA HOXA11-AS in HSCC and our data obtained from high-throughput sequencing, we revealed the involvement of HOXA11-AS in the inhibitory effect of SM on the proliferation of FaDU cells. In conclusion, SM could be used in the development of an anticancer compound for HSCC, which has great prospects in the future.
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Cutaneous malignancies, including basal cell carcinoma, cutaneous squamous cell carcinoma, and cutaneous melanoma, are common human tumors. The incidence of cutaneous malignancies is increasing worldwide, and the leading cause of death is malignant invasion and metastasis. The molecular biology of oncogenes has drawn researchers’ attention because of the potential for targeted therapies. Noncoding RNAs, including microRNAs, long noncoding RNAs, and circular RNAs, have been studied extensively in recent years. This review summarizes the aspects of noncoding RNAs related to the metastasis mechanism of skin malignancies. Continuous research may facilitate the identification of new therapeutic targets and help elucidate the mechanism of tumor metastasis, thus providing new opportunities to improve the survival rate of patients with skin malignancies.
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1 INTRODUCTION
Skin cancer is a common malignancy, and the most common types are basal cell carcinoma (BCC), cutaneous squamous cell carcinoma (CSCC), and cutaneous malignant melanoma (CMM) (Sato et al., 2021) (Figure 1). BCC and CSCC are more prevalent than melanoma, and most patients receive prompt treatment leading to a better long-term prognosis (Bednarski et al., 2021; Reddy et al., 2021). BCC and CSCC originate from epidermal keratin-forming cells and have a lower mortality than melanoma; the lesion is confined to the site of origin, and the treatment is thus straightforward (Cives et al., 2020; Krasowska et al., 2021). CMM is a difficult-to-treat metastatic malignancy that originates from epidermal melanocytes and is associated with a high mortality (Fujimura and Aiba 2020). When detected early, melanoma is treatable by surgical excision; however, rapid invasion and metastasis are the main reasons for the lower survival time after advanced treatment (Allegra et al., 2020). Genetic changes can induce the transformation of normal cells into cancer cells, and cancer cells can become malignant after cell division.
[image: Figure 1]FIGURE 1 | Skin cancers include basal cell carcinoma, cutaneous squamous cell carcinoma and melanoma.
Noncoding RNAs (ncRNAs) include microRNAs (miRNAs), long noncoding RNAs (lncRNAs), and circular RNAs (circRNAs) (He et al., 2021; Mercer et al., 2022). NcRNAs perform their respective biological functions at the RNA level (Xiaoqing Li et al., 2021). NcRNAs bind to various molecular targets to initiate specific cellular responses and regulate gene expression, intracellular signaling, epigenetic modifications, and other functions. The ncRNA is vital in the occurrence and development of tumors including skin cancer (Ding et al., 2021; Winkle et al., 2021). Accumulating evidence highlights the importance of ncRNAs in skin cancer. For example, circRNA_0016418 cross-talks with miR-625 and suppresses the progression of human skin melanoma (Zou et al., 2019). LncRNA MEG3 acts as a sponge for miR-21 and promotes melanoma growth and metastasis (Wu et al., 2020). The function of ncRNAs in cutaneous cancers was described previously (Zhou et al., 2022). Here, we provide an update of recent findings on the role of ncRNAs in skin cancer.
2 NONCODING RNAS IN CANCER
2.1 MiRNAs
MiRNAs are essential ncRNAs that regulate protein biosynthesis by modulating transcription (Kakumani 2022; Singh et al., 2022). The synthesis of miRNAs is catalyzed by RNA polymerase II, which produces primary miRNAs that enter the nucleus. Drosha, a family of ribonucleases, further catalyzes the production of precursor miRNAs with a hairpin structure (Asakiya et al., 2022; Quirico et al., 2022). This double-stranded product consists of a mature miRNA guide strand and a miRNA guest strand. Both miRNAs can be loaded into the RNA-induced silencing complex to degrade or inhibit translation of mRNA, thereby affecting protein expression (Shunhao Zhang et al., 2021; Das et al., 2022; Diener et al., 2022). A single miRNA can target hundreds of mRNAs, affecting the expression and interactions of many genes and participating in the regulation of numerous physiological and pathological processes. The biogenesis and biological function of miRNAs is described in Figure 2.
[image: Figure 2]FIGURE 2 | The biogenesis and biological function of miRNAs. RNA Pol II or III can regulate the transcription of pri-miRNAs, and DROSHA and DGCR8 can process the nuclear processing of pri-miRNAs into pre-miRNAs. Exportin 5 is involved in the processing of pre-miRNAs for nuclear export. Dicer and TRBP modulation regulate the cytoplasmic processing of pre-miRNAs into mature miRNA duplexes. miRNA duplexes include passenger strands and mature miRNAs. The passenger strand is degraded, and the mature miRNA strand is integrated into RISC to mediate translational repression or mRNA degradation depending on the degree of complementarity to the mRNA target.
2.2 LncRNAs
LncRNAs are defined as non-protein coding RNAs with transcripts longer than 200 bp (Huang et al., 2022; Yang et al., 2022), and they are considered byproducts of RNA polymerase II transcription with no biological function (Fernandes et al., 2021; Kong et al., 2021; Nojima and Proudfoot 2022). At present, there is no unified classification standard for lncRNAs (Nojima and Proudfoot 2022). According to the localization, lncRNAs are divided into cytoplasmic lncRNAs and nuclear lncRNAs, some of which are located in both the nucleus and the cytoplasm (Jianfei Tang et al., 2021). LncRNAs play different regulatory functions according to cellular localization (Cui et al., 2021). In the cytoplasm, lncRNAs act as competing endogenous RNAs (ceRNAs) to compete with miRNAs for binding and contribute to the release of target mRNAs. In tumors, abnormally expressed lncRNAs may break this balance, resulting in the abnormal expression of tumor-promoting genes or tumor-suppressor genes, and promoting the malignant progression of tumors. The ceRNA mechanism of lncRNAs is displayed in Figure 3. LncRNAs can be classified into five types according to the location in the genome relative to the protein-coding genes. The righteous lncRNAs overlap with exon regions of code-capable genes. The transcription of antisense lncRNAs begins with the reverse transcription of protein-coding genes. Bidirectional lncRNA expression start sites are very close to those of neighboring coding genes on the antisense strands. Basal lncRNAs originate from intronic regions, and intergenic lncRNAs are located in the interval between two genes on the chromosome (Cui et al., 2021; Jin et al., 2021). Based on their molecular function, lncRNAs are classified into decoy, guide, and backbone molecules. Decoy molecules are sufficient to induce transcription factors and inhibit the transcription of downstream genes. Guide molecules can bind to DNA or proteins at the same site and guide them to the site of action, enhancing the transcriptional activity of genes. The backbone molecules act as scaffolds for protein complexes, forming nucleic acid-protein complexes with target proteins and transferring the enzyme molecules involved in epigenetics to the protein complexes (Liu et al., 2022; Mercer et al., 2022). LncRNAs play critical regulatory roles in life activities and biological processes such as development, gene expression, stem cell differentiation, cell proliferation, and metastasis, indicating the close correlation to the occurrence and development of human diseases (DeSouza et al., 2021; Di Lu et al., 2021).
[image: Figure 3]FIGURE 3 | The ceRNA mechanism of lncRNAs. In the cytoplasm, lncRNAs can act as competing endogenous RNAs (ceRNAs) to compete with miRNAs for binding and contribute to the release of target mRNAs. In the occurrence and progression of tumors, abnormally expressed lncRNAs may break this balance, resulting in the abnormal expression of tumor-promoting genes or tumor suppressor genes, and promoting the malignant progression of tumors.
2.3 CircRNAs
CircRNAs are closed-loop molecules with unique structures that are widely distributed in animal and plant cells and regulate gene expression. They exist independently of proteins without being affected by exonucleases (Yue Zhang et al., 2022). Because of their low abundance and the limitation of detection technology, circRNAs were initially ignored as abnormal products of RNA splicing (Wen et al., 2022). The development of high-throughput sequencing technology has led to the identification of an increasing number of circRNAs (Kai Wang et al., 2022). Most circRNAs originate from exons in the coding regions of genes, whereas others originate from the 3′-UTR, 5′-UTR, introns, intergenic regions and antisense RNAs (Caba et al., 2021). CircRNAs are classified into four types, namely, exonic circRNAs (ecircRNAs), circular intronic RNAs (ciRNAs), exonic-intronic circRNAs (eiciRNAs), and tRNA intronic circRNAs (tricRNAs) (Wenqing Zhang et al., 2021). The most abundant and well studied circRNAs are exonucleotide circRNAs, which account for more than 80% of the total and are mainly localized in the cytoplasm. CiRNAs and eiciRNAs are abundant in the nucleus, and most circRNAs produced by different species are relatively evolutionarily conserved. The expression of the same circRNA varies greatly between diseased and non-diseased tissues and between different tissues or periods because of trans-shear (Tian Tian et al., 2021). In addition, circRNAs with covalent closed-loop structures are more stable than related linear mRNAs in vivo because they do not have 5′ caps or 3′ Poly A tails, which makes them highly resistant to the nucleic acid exonuclease (RNAse) (Zeng et al., 2021). Currently, there are three hypothetical models to explain the possible mechanisms of exon circRNA production, RNA binding protein (RBP)-mediated cyclization, intron pairing-driven cyclization, and lasso-driven cyclization (Kim et al., 2021; Sinha et al., 2021). The RBP connects two non-adjacent introns at both ends of the sequence, promoting the formation of a loop by bringing the two ends close together and then forming an exonic loop RNA by splicing. This model is defined as intron pairing-driven cyclization. The lasso-driven cyclization suggests that the pre-mRNA is in a half-folded state. During the transcription process, the non-adjacent exons approach each other and are driven by transacting factors to create a lasso. The intron sequence is removed by splicing in the lasso structure to form the circRNA. The biogenesis and biological function of circRNAs are shown in Figure 4.
[image: Figure 4]FIGURE 4 | The biogenesis and biological function of circRNAs. Different circRNAs can be generated from pre-mRNA by back-splicing. According to the synthesis mechanism, circRNA can be divided into ecircRNA, ciRNA and eiciRNA. In the nucleus, circRNAs can participate in transcriptional regulation. In the cytoplasm, circRNAs are involved in many biological processes, such as miRNA sponge formation and binding to RBP.
3 NONCODING RNAS IN SKIN CANCER
NcRNAs play an essential role in the occurrence and development of skin cancers. This review summarizes the noncoding RNA aspects related to the metastasis mechanism of skin malignancies. The information may help identify new therapeutic targets related to the mechanism of tumor metastasis and provide new opportunities to improve the survival rate and quality of life of patients with skin malignancies.
3.1 MiRNAs in skin cancer
Sand et al. (Sand et al., 2012) identified 16 miRNAs that are highly expressed in BCC tissues and 10 miRNAs significantly downregulated in BCC tissues compared with adjacent skin by microarray miRNA analysis. MiR-203 inhibits BCC cell proliferation, differentiation, and tumor growth by targeting c-JUN as an oncogenic factor in BCC (Sonkoly et al., 2012). MiR-451a inhibits BCC cell growth and colony formation by targeting TBX1, which may serve as an effective therapeutic target for BCC (Sun and Jiang 2018). MiR-18a expression is significantly increased in BCC tissues and cells and promotes BCC malignant progression by targeting the Akt/mTOR/Beclin 1/LC3 axis (Mi et al., 2020). MiR-17-92 cluster members and miR-143–145 cluster members are involved in BCC progression as pro-oncogenes and oncogenes, respectively (Sand et al., 2017). The miRNAs involved in BCC are listed in Table 1.
TABLE 1 | Functional characterization of miRNAs in basal cell carcinoma.
[image: Table 1]Various miRNAs are upregulated in CSCC and function as oncogenes to promote the malignant behavior of CSCC (Table 2 and Table 3). MiR-365 promotes the malignant progression of CSCC by targeting nuclear factor I B (NFIB), which may serve as a potential therapeutic target (Meijuan Zhou et al., 2014). MiR-31 expression promotes the malignant progression of tumors by increasing migration, invasion, and colony formation (Shao Hua Wang et al., 2014). MiR-365b and miR-135b target leucine zipper tumor suppressor 1 in CSCC tissues to promote migration and invasiveness (Olasz et al., 2015). Increased miR-365 expression promotes the malignant progression of tumors by targeting cyclin-dependent kinase 6 (Zhou et al., 2015). MiR-346 inhibits SRC kinase signaling inhibitor 1 expression and promotes CSCC cell proliferation and migration (Chen et al., 2016). Cadherin 1 and matrix metaloproteases (MMPs) are the downstream targets of miR-199a-5p and miR-217 in CSCC tissues, and their upregulation promotes malignant progression (Wang et al., 2016). Multiple miRNAs are upregulated in CSCC and regulate various downstream signaling targets to promote tumor cell proliferation, migration, and invasion. MiR-27 regulates PTRF (Bai et al., 2017), miR-31 regulates rhobtb1 (Lin et al., 2017), miR-506 regulates laminin subunit gamma 1 (Jian Zhou et al., 2019), miR-125b regulates MMP 13 (Xu et al., 2012), miR-124/214 regulates ERK1/2 (Yamane et al., 2013), and miR-196a promotes malignant behavior in the same cellular signaling pattern (Wei Zhang et al., 2022). In addition to promoting proliferation and migration, numerous miRNAs inhibit cancer cell apoptosis to enhance the malignant behavior. MiR-365 expression is upregulated in CSCC and inhibits apoptosis by targeting BAX (Zhou et al., 2017). MiR-142-5p targets PTEN (Bai et al., 2018), miR-186 targets reticulophagy regulator 1 (Xinde Hu et al., 2019), and miR-320a regulates autophagy related 2B (Bi et al., 2021) to inhibit cancer cell apoptosis. Programmed cell death 5 is the dominant downstream target of miR-766, the upregulation of which inhibits the apoptosis of CSCC cells (Liu et al., 2020). Increased expression of miR-22 decreases CSCC chemosensitivity by targeting the Wnt/β-catenin signaling axis, thus promoting malignant progression (Yuan et al., 2021). MiR-486-3p targets flotillin 2 (FLOT2) to promote CSCC cell proliferation, migration, and tumorigenicity (Li et al., 2022). Angiogenesis is a common antineoplastic target for drugs and ncRNAs. MiR-361-5p inhibits SCC cell proliferation and angiogenesis by targeting VEGFA (Kanitz et al., 2012).
TABLE 2 | Functional characterization of upregulated miRNAs in cutaneous squamous cell carcinoma.
[image: Table 2]TABLE 3 | Functional characterization of downregulated miRNAs in cutaneous squamous cell carcinoma.
[image: Table 3]Decreased expression of various miRNAs results in CSCC suppression. MiR-20a is downregulated in CSCC tissues and inhibits cell proliferation and metastasis by targeting LIM domain kinase 1 (Jianda Zhou et al., 2014). Decreased expression of miR-199a affects the interaction between CD44 and Ezrin and inhibits CSCC proliferation and metastasis (Kanitz et al., 2012). MiR-199a-5p targets BCAM, FZD6, and DDR1 (Kim et al., 2015), and miR-148a targets MAP3K4 and MAP3K9 to inhibit the proliferation, invasiveness, and metastasis of CSCC cells (Luo et al., 2015). MiR-204 is downregulated in CSCC tissues and regulates protein tyrosine phosphatase non-receptor type 11 (PTPN11), modulating the signal transducer and activator of transcription 3 (STAT3) and MAPK signaling pathways to inhibit the malignant progression of CSCC (Toll et al., 2016). MiR-497 expression is decreased in CSCC tissues and inhibits the malignant progression of CSCC by targeting PTPN11. Decreased expression of miR-497 inhibits the malignant progression of CSCC by targeting PTPN11 and SERPINE-1 in the AKT/mTOR and EMT processes (Mizrahi et al., 2018) and the FAM114A2 signaling pathway (Wei et al., 2018). MiR-3619-5p is downregulated in CSCC and modulates karyopherin subunit alpha four to inhibit proliferation and cisplatin resistance (Zhang et al., 2019). MiR-30a-5p (Shao et al., 2019) and miR-199a-5p are downregulated in CSCC tissues and modulate forkhead box G1 (FOXG1) to inhibit CSCC cell migration, invasion, and colony formation. MiR-199a-5p also inhibits the migration and tumorigenicity of CSCC by targeting Sirt1/CD44ICD (Lu et al., 2020). MiR-27a regulates EGFR (Yinghui Wang et al., 2019), miR-125b regulates STAT3 (Ke Tian et al., 2020), miR-216b regulates TPX2 (Feng et al., 2020), and miR-10a regulates SDC-1 (Xiong et al., 2020) to inhibit CSCC cell proliferation, migration, and invasion. MiR-214 is downregulated in CSCC tissues and inhibits migration and invasion by regulating VEGFA, Bcl-2, and the Wnt/β-catenin pathway (Feng et al., 2020). Downregulation of miR-451a and miR-130a inhibits CSCC cell proliferation, migration, invasion, and EMT by regulating the PI3K/AKT signaling pathway through 3-phosphoinositide dependent protein kinase 1 (Fu et al., 2021). Decreased miR-130a expression inhibits CSCC proliferation, cell motility, and invasion by regulating the ACVR1 and BMP/SMAD pathways (Lohcharoenkal et al., 2021). MiR-573 and miR-30c are downregulated in CSCC tissues and inhibit proliferation, migration, and invasion by modulating PICSAR (Lipeng Wang et al., 2022) and SIRT1 (Liu et al., 2022).
In summary, miRNAs play an essential role in the development and progression of CMM, promoting or inhibiting malignant progression by regulating cell proliferation, invasion, metastasis, drug resistance, the immune microenvironment, cell cycle progression, and apoptosis. Detailed information is provided in Table 4, Table 5, Table 6.
TABLE 4 | Functional characterization of miRNAs in cell proliferation, cell cycle and apoptosis of melanoma.
[image: Table 4]TABLE 5 | Functional characterization of miRNAs in cell migration and metastasis of melanoma.
[image: Table 5]TABLE 6 | Functional characterization of miRNAs in drug resistance and the tumor microenvironment of melanoma.
[image: Table 6]3.2 LncRNAs in skin cancer
Sand et al. (2016a) identified 1851 upregulated lncRNAs and 2165 downregulated lncRNAs in microarrays of BCC compared with non-lesioned skin. Further exploration demonstrated the biological roles and molecular mechanisms of these differentially expressed lncRNAs. Lnc-PICSAR is upregulated in DDP-resistant CSCC cells and regulates the miR-485-5p/REV3-like DNA directed polymerase zeta catalytic subunit (REV3L) signaling axis (Wang et al., 2020). LINC00963 is increased in CSCC tissues and promotes malignant progression by upregulating SOX4 expression through the uptake of miR-1193 (Jingwen Wang et al., 2019). LINC00641 is downregulated in CSCC cell lines and inhibits CSCC growth and metastasis by downregulating miR-424 expression (Quan Liu et al., 2021). LINC00162 is specifically expressed in CSCC but not in keratin-forming cells in normal skin. Overexpression of LINC00162 promotes CSCC tumorigenesis in vitro and in vivo (Piipponen et al., 2016). LINC00319 is increased in CSCC and inhibits apoptosis, promoting cell proliferation, cell cycle progression, cell migration, and invasion. Mechanistic studies indicate that LINC00319 may exert an oncogenic function in CSCC by binding to miR-1207-5p and promoting the expression of cyclin-dependent kinase 3 (Li et al., 2018). LINC00520 regulates EGFR expression and inactivates the PI3K/Akt pathway, thereby inhibiting the development of CSCC (Mei and Zhong, 2019). USF1 activates LINC01048 to promote CSCC proliferation and inhibit apoptosis by interacting with TATA-box binding protein associated factor 15 (TAF15) to upregulate YAP1 (Chen et al., 2019). ALA-PDT promotes TINCR expression through the ERK1/2-SP3 pathway to induce apoptosis and autophagy, leading to the malignant progression of CSCC (Xiaobo Zhou et al., 2019). HOX transcript antisense RNA (HOTAIR) is elevated in CSCC cells and promotes migration, proliferation, and EMT, possibly by binding to miR-326 and promoting PRA1 domain family member 2 (PRAF2) expression (Guo Jun Yu et al., 2019). HOTAIR promotes CSCC stemness and progression by upregulating Sp1 and modulating miR-199a (Chen et al., 2022). LINC00346 is highly expressed in CSCC tissues to promote CSCC malignant progression by activating STAT3 and MMP expression (Piipponen et al., 2020). Small Cajal body-specific RNA 2 is upregulated in CSCC tissues and promotes proliferation and invasion by suppressing miR-342-3p expression (Zhang et al., 2020a). PICSAR functions as an oncogene by regulating the miR-125b/YAP1 signaling axis, and EZR-AS1 regulates the PI3K/AKT signaling pathway to promote CSCC cell proliferation and invasion and inhibit apoptosis (Qirong Lu et al., 2021). Overexpression of H19 promotes malignant behavior and induces apoptosis. H19 promotes the expression of the EMT-related marker miR-675 and inhibits p53 expression (Shunhao Zhang et al., 2021). Hcp5 can upregulate EZH2 expression by competitively binding to miR-138-5p, promoting autophagy and suppressing apoptosis by regulating the STAT3/VEGFR2 pathway, leading to malignant progression of CSCC (Zou et al., 2021). Neat1 promotes autophagy and decreases apoptosis by binding to miR-361-5p, promoting CSCC proliferation and invasion by activating the Wnt pathway (Shiqiu Jiang et al., 2021). NEAT1 promotes CSCC proliferation, invasion, and metastasis by regulating the expression of metalloplasmic proteins (Gong et al., 2022).
FOXD2-AS1 expression is increased in cutaneous melanoma tissue specimens and cell lines (Ren et al., 2019), inhibiting proliferation, migration, and invasion of cutaneous melanoma cells by regulating phospho-Akt expression (Wu Zhou et al., 2019). CPS1-IT1 inhibits melanoma metastasis by competitively binding to BRG1 and impairing CYR61 expression. Linc00961 is decreased in cutaneous melanoma tissues and functions as a ceRNA to regulate the miR-367/PTEN axis and inhibit cell proliferation and invasion (Mu et al., 2019). LncRNA FOXD3-AS1 promotes the proliferation, invasion, and migration of CMM by binding to miR-325 and promoting MAP3K2 expression as a potential cause of cutaneous melanoma (Wei et al., 2019). FENDRR suppresses MMP2 and MMP9 and antagonizes the JNK/c-Jun pathway to promote proliferation, migration, and invasion of melanoma (Shuang Chen et al., 2020). LncRNA-TTN-AS1 promotes TTN transcription and increases the stability of TTN mRNA thus inducing tumor progression. LINC00518 is upregulated in CMM and induces radioresistance of CMM by regulating glycolysis through a miR-33a-3p/HIF-1α negative feedback loop (Yan Liu et al., 2021). LINC01116 promotes cell proliferation, migration, invasion and EMT to sponge miR-3612 by regulating GDF11 and SDC3, thereby promoting melanoma progression (Yanhua Wang et al., 2022). LncRNA Tincr is downregulated in CMM, which promotes CTGF, CCN1, and AXL expression, leading to cell proliferation, invasion, and apoptosis inhibition in CMM cell lines. p53 upregulates PURPL in melanoma to promote cell proliferation, colony formation, migration, and invasion, and inhibiting apoptosis (Shuo Han et al., 2021). Mechanistic studies show that PURPL promotes mTOR-mediated phosphorylation of ULK1 at Ser757 by physically interacting with mTOR and ULK1, limiting the autophagic response to suppress apoptosis. TEX41 is activated by IRF4 and binds to miR-103a-3p to upregulate C1QB, thereby promoting cell proliferation, migration, and invasion while inhibiting apoptosis, suggesting that TEX41 is a potential therapeutic target for melanoma (Zheng et al., 2021). Linc00518 is upregulated in CMM tissues and promotes malignant progression via the miR-526b-3p/EIF5A2 axis (Xu et al., 2022).
Taken together, these data indicate that lncRNAs function as tumor-promoters or tumor-suppressors in CMM by interacting with miRNAs and regulating protein expression.
3.3 CircRNAs in skin cancer
The detailed information of circRNAs in skin cancers is shown in Table 7.
TABLE 7 | Functional characterization of circRNAs in skin cancers.
[image: Table 7]A circRNA microarray identified 23 upregulated and 48 downregulated circRNAs in BCC with a potential function in regulating the development of BCC. However, the underlying mechanism needs to be examined (Sand et al., 2016b). Circ_0005795 expression is increased in BCC tissues, and knockdown of circ_0005795 inhibits cell viability, colony formation, and anti-apoptotic protein levels while increasing caspase-3 activity (Yating Li et al., 2021). Circ_0005795 exerts its pro-tumor effects by binding to miR-1231. Circ_NCKAP1 promotes the malignant progression of cutaneous BCC by regulating the miR-148b-5p/HSP90 signaling axis (Fan et al., 2021).
Circ_0070934 is expressed aberrantly in CSCC. Overexpression of circ_0070934 promotes cell proliferation, invasion, and migration, and inhibits apoptosis (An et al., 2019). The hsa_circ_0070934 binds to miR-1236-3p and regulates homeobox B7 expression to promote the malignant progression of CSCC (Zhang et al., 2020b). GSPS downregulates the expression of hsa_circ_0070934 and inhibits CSCC cell proliferation, cell cycle progression, migration, and invasion, and promotes apoptosis. However, GSPS also plays an oncogene role in CSCC by regulating the hsa_circ_0070934/miR-136-5p/PRA1 domain family member 2 (PRAF2) axis (Xiong et al., 2021). CircRNA_001937 promotes the malignant progression of CSCC by regulating the miR-597-3p/FOSL2 pathway as determined through ex vivo assays (Gao et al., 2020). CircSEC24A and MAP3K9 are upregulated in CSCC tissues, whereas the expression of miR-1193 is decreased (Ziwei Lu et al., 2021). Inhibition of circSEC24A inhibits malignant behavior and glycolysis to induced apoptosis, whereas overexpression of circSEC24A promotes tumor growth. CircSEC24A may act as a molecular sponge for miR-1193 and thus regulate the expression of MAP3K9 (Chen et al., 2021). The hsa_circ_0001360 inhibits cell proliferation, migration, and invasion and promotes apoptosis, acting as an antioncogene in CSCC. Circ_0067772 is upregulated in CSCC tissues and cells, and overexpression of circ_0067772 regulates FOXG1 by binding to miR-1238-3p, thereby promoting cell proliferation, migration, and invasion. Inhibition of circ_0067772 suppresses tumor growth (Xiaoqing Li et al., 2021).
Zhang et al. (2021c) also screened differentially expressed circRNAs in CSCC exosomes by RNA-seq analysis and identified 25 upregulated and 76 downregulated exosomal circRNAs. Circ-CYP24A1 promotes CSCC malignant progression by inducing the expression of CDS2, MAVS, and SOGA. Hsa_circ_0008234 promotes CSCC malignant progression by targeting miR-127-5p to regulate adenylate cyclase 7 expression (Cai et al., 2021). Circfads2 is downregulated in CSCC tissues and inhibits CSCC cell proliferation, metastasis, and glycolysis (Wenqing Zhang et al., 2021). Mechanistic studies suggest that circfads2 regulates the miR-766-3p/HOXA9 axis to inhibit CSCC progression, and is thus a potential therapeutic target for CSCC. Circ-LARP1B/miR-515-5p/TPX2 microtubule nucleation factor regulatory axis is involved in the malignant progression of CSCC by promoting cell viability, colony formation, migration, invasion, cell cycle progression, and glycolysis and inhibiting apoptosis (Yan Wang et al., 2022). Circ_0001821 plays a pro-oncogenic role in CSCC development by regulating the miR-148a-3p/EGFR signaling axis and PI3K/Akt pathway (Yue Zhang et al., 2022).
Luan et al. (Luan et al., 2018) found that Circ_0084043 is upregulated in melanoma tissues and functions as a sponge for miR-153-3p to upregulate Snail expression and thus promote melanoma cell proliferation, invasion, and migration. The hsa_circ_0025039 promotes CDK4 expression by binding to miR-198, promoting cell proliferation, colony-forming ability, invasion, and glucose metabolism (Bian et al., 2018). Circ_0084043 expression is increased in melanoma tissues and promotes the malignant development of melanoma by regulating the miR-429/TRIB2 signaling axis and Wnt/β-catenin signaling pathway (Xu E Chen et al., 2020). Circ-FOXM1 upregulates FLOT2 by binding to miR-143-3p, promoting cell proliferation, invasion, and glycolysis, playing a tumorigenic role in vivo (Shan Tian et al., 2020). The circRNA circ_0002770 promotes dual specificity phosphatase 5 and transforming growth factor beta receptor 1 expression by binding to miR-331-3p, thereby promoting the proliferation, invasion, and migration of melanoma cells, leading to malignant tumor progression (Qian et al., 2020). Wei et al. (Wei et al., 2020) showed that circ_0020710 expression is increased in melanoma tissues and promotes proliferation, migration, and invasion. increased circ_0020710 upregulates CXCL12 expression by sponging miR-370-3p, which is associated with cytotoxic lymphocyte depletion. Circ 0001591 expression is increased in melanoma patient sera, which promotes cell growth and invasion and inhibits apoptosis (Yin et al., 2021). Circ 0001591 upregulates ROCK1 expression by binding to miR-431-5p and promotes malignant progression of melanoma by regulating the ROCK1/PI3K/AKT signaling pathway. Circ_0079593 regulates ABHD2 expression through miR-573 and promotes cell proliferation, migration, and invasion and inhibits apoptosis (Zhao et al., 2021). Circ_0082835 is upregulated in melanoma tissues and binds to miR-429 to promote the proliferation, invasion, and migration of melanoma cells, as well as regulating cell cycle progression (Sun et al., 2021). CircZNF609 inhibits DNA damage and promotes the malignant progression of melanoma by regulating the miR-138-5p/SIRT7 signaling axis (Quan Liu et al., 2021). The expression of circVANGL1 is increased in melanoma tissues and cell lines, and overexpression of circVANGL1 promotes the proliferation, migration, and invasion of melanoma cells (Zhou et al., 2021). Taken together, these findings indicate that lncRNAs function as tumor-promoters or tumor-suppressors involved in the malignancy of cutaneous melanoma through their ceRNA activity for miRNAs.
4 FUTURE PROSPECTS AND CONCLUSION
Various miRNAs are involved in the regulation of skin cancer development and metastasis. The differential expression of miRNAs at different stages of skin cancer provides a new basis and novel direction for developing biomarkers and therapeutic targets. Further studies on the mechanism underlying the function of miRNAs will facilitate the development of new therapeutic strategies for the treatment of skin cancers, which will improve the outcomes of patients with advanced skin cancer. LncRNAs are critical epigenetic factors that regulate the development, progression, metastasis, and resistance to therapeutic agents in skin cancers. Although the majority of lncRNAs are expressed at low levels, the value of lncRNAs as early diagnostic, predictive, and therapeutic targets for skin cancer is becoming increasingly evident. The complexity of lncRNAs increases the difficulty of their biological investigation because the same lncRNAs function differently in distinct tumor types. Exploring the functions of lncRNAs and elucidating the molecular regulatory mechanisms involved in the development and progression of skin cancer is a new research direction.
CircRNAs have drawn increased attention in life science and medical research. CircRNAs competitively bind to miRNAs and regulate multiple tumor signaling pathways, suggesting the potential of circRNAs as biomarkers for detecting related diseases. Research on circRNAs in tumors is still in its infancy, with only a fraction of functional circRNAs available. The current circRNA database is incomplete, and there are no databases of circRNAs related to tumor prognosis for functional prediction after RNA sequencing. In addition, the mechanism of circRNAs in tumorigenesis remains to be fully elucidated. Their interaction with mRNA and its diagnostic applications show potential for clinical practice. CircRNAs show great potential in tumor diagnosis, prognosis, and treatment with high clinical value. We believe that continuing efforts and practical investigation will clarify the value of circRNAs for precision medicine in clinical diagnosis and treatment. The cross-talk of ncRNAs is complex and highly tissue specific. Therefore, exploring their functions in many cell types or tissues is essential to determine specificity and therapeutic effects. Despite the challenges associated with the application of ncRNAs, extensive research efforts have been devoted to extend investigation to ncRNA clinical trials.
This review summarized the mechanisms underlying the role of ncRNAs in the occurrence, metastasis, and drug resistance of skin cancers. Their potential application for the early diagnosis, prognosis assessment, and targeted therapy has been suggested. Several ncRNAs have undergone different phases of clinical trials. For example, a miR-122-related drug (miravirsen) and ncRNA-associated nanoparticles have been the subject of clinical trials (Gebert et al., 2014). The miRNA mimic MIRX34 was used in a phase I trial in patients with primary liver cancer (Bouchie 2013). Therefore, further exploration of clinical biosignatures and functional cell assays is needed. In addition, non-invasive methods should be considered for ncRNA harvesting.
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GLOSSARY
BCC basal cell carcinoma
CSCC cutaneous squamous cell carcinoma
CM cutaneous melanoma
miRNAs microRNAs
lncRNAs long non-coding RNAs
circRNAs circular RNAs
BRAF B-Raf proto-oncogeneserine/threonine kinase
ncRNA non-coding RNA
mRNA messenger ribonucleic acid
ciRNA circular intronic RNA
eiciRNA exon-intron circular RNA
RBP RNA binding protein
TBX1 T-box transcription factor 1
NFIB nuclear factor I B
LZTS1 leucine zipper tumor suppressor 1
CDK6 cyclin dependent kinase 6
SRCIN1 SRC kinase signaling inhibitor 1
CDH1 cadherin 1
LAMC1 laminin subunit gamma 1
RETREG1 reticulophagy regulator 1
PDCD5 programmed cell death 5
ATG2B autophagy related 2B
FLOT2 flotillin 2
LIMK1 LIM domain kinase 1
STAT3 signal transducer and activator of transcription 3
PTPN11 protein tyrosine phosphatase non-receptor type 11
FAM114A2 family with sequence similarity 114 member A2
KPNA4 karyopherin subunit alpha 4
FOXG1 forkhead box G1
TPX2TPX2 TPX2 microtubule nucleation factor
PDPK1 3-phosphoinositide dependent protein kinase 1
REV3L REV3 like, DNA directed polymerase zeta catalytic subunit
TAF15 TATA-box binding protein associated factor 15
HOTAIR HOX transcript antisense RNA
PRAF2PRAF2 PRA1 domain family member 2
SCARNA2 small Cajal body-specific RNA 2
MAP3K2 mitogen-activated protein kinase kinase kinase 2
PURPL p53 level regulator
HOXB7 homeobox B7
PRAF2PRAF2 PRA1 domain family member 2
TPX2TPX2 TPX2 microtubule nucleation factor
DUSP5 dual specificity phosphatase 5
TGFBR1 transforming growth factor beta receptor 1
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu 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.
		REVIEW
published: 24 August 2022
doi: 10.3389/fphar.2022.970280


[image: image2]
Dietary stilbenes as modulators of specific miRNAs in prostate cancer
Anait S. Levenson*
College of Veterinary Medicine, Long Island University, Brookville, NY, United States
Edited by:
Yongye Huang, Northeastern University, China
Reviewed by:
Qingyu Zhou, University of South Florida, United States
Mithun Rudrapal, Rasiklal M. Dhariwal Institute of Pharmaceutical Education and Research, India
Ángeles Carlos Reyes, Instituto Nacional de Enfermedades Respiratorias-México (INER), Mexico
* Correspondence: Anait S. Levenson, anait.levenson@liu.edu
Specialty section: This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology
Received: 15 June 2022
Accepted: 20 July 2022
Published: 24 August 2022
Citation: Levenson AS (2022) Dietary stilbenes as modulators of specific miRNAs in prostate cancer. Front. Pharmacol. 13:970280. doi: 10.3389/fphar.2022.970280

Accumulated experimental data have suggested that natural plant products may be effective miRNA-modulating chemopreventive and therapeutic agents. Dietary polyphenols such as flavonoids, stilbenes, and lignans, among others, have been intensively studied for their miRNA-mediated cardioprotective, antioxidant, anti-inflammatory and anticancer properties. The aim of this review is to outline known stilbene-regulated miRNAs in cancer, with a special focus on the interplay between various miRNAs and MTA1 signaling in prostate cancer. MTA1 is an epigenetic reader and an oncogenic transcription factor that is overexpressed in advanced prostate cancer and metastasis. Not surprisingly, miRNAs that are linked to MTA1 affect cancer progression and the metastatic potential of cells. Studies led to the identification of MTA1-associated pro-oncogenic miRNAs, which are regulated by stilbenes such as resveratrol and pterostilbene. Specifically, it has been shown that inhibition of the activity of the MTA1 regulated oncogenic miR-17 family of miRNAs, miR-22, and miR-34a by stilbenes leads to inhibition of prostatic hyperplasia and tumor progression in mice and reduction of proliferation, survival and invasion of prostate cancer cells in vitro. Taken together, these findings implicate the use of resveratrol and its analogs as an attractive miRNA-mediated chemopreventive and therapeutic strategy in prostate cancer and the use of circulating miRNAs as potential predictive biomarkers for clinical development.
Keywords: stilbenes, miRNAs, MTA1, chemoprevention, interception, biomarkers, active surveillance, prostate cancer
INTRODUCTION
Countless efforts are aimed towards the development of cancer chemopreventive and therapeutic strategies with the use of natural bioactive polyphenols such as a large group of flavonoids, stilbenes, lignans, phenolic acids, and others (Asensi et al., 2011; Kang N.J et al., 2011; Miyata et al., 2019; Forni et al., 2021; Rudrapal et al., 2022). Polyphenols act on multiple targets in signaling pathways related to inflammation, oxidative stress and DNA damage, carcinogenesis, tumor cell proliferation, angiogenesis, and metastasis (Asensi et al., 2011; Zhao et al., 2020; Khan et al., 2021; Rudrapal et al., 2022). Studies over the past two decades have led to the development of the concept of “epigenetic prevention and therapy” for cancer, which includes regulation of genes by non-coding RNAs (ncRNAs) (Shukla et al., 2019; Levenson, 2021). Non-coding RNAs regulate chromatin architecture (Taft et al., 2009) and control gene expression by negatively regulating gene expression through a number of mechanisms (Filipowicz et al., 2008). Among ncRNA, microRNAs (miRNAs, miRs) are small, single-stranded, sequence-specific RNAs that induce degradation or inhibit translation of their target mRNAs (Ventura and Jacks, 2009). MiRNAs modulations have been shown to be involved in many pathologies including inflammation and cancer. In cancer, miRNAs are designated as oncogenic (oncomiRs), which downregulate tumor suppressor (TS) or other genes involved in cell differentiation thereby contributing to tumor formation, or oncosuppressor miRs, which downregulate proteins with oncogenic activity (Shenouda and Alahari, 2009). MiRNAs expressed in a tissue-specific manner have a multi-target mode of action (Link et al., 2010). MiRNAs are gaining increasing attention as potential noninvasive diagnostic, prognostic, and predictive biomarkers in cancer because they are stable, highly sensitive, and easily detectable in extracellular fluids (Quirico and Orso, 2020; Wang J et al., 2020).
Numerous studies have investigated miRNA profiles and their regulation by dietary phytochemicals, and the accumulated data implicate natural polyphenols as attractive miRNA-mediated chemopreventive and therapeutic strategy options in solid tumors and hematological cancers (Dhar et al., 2011; Vanden Berghe, 2012; Kumar et al., 2016; Levenson and Kumar, 2020; Levenson, 2021). Prostate cancer is ideal disease for nutritional chemoprevention in the general population of elderly men due to its slow progression in and dependence on diet (Peisch et al., 2017; Matsushita et al., 2020). Unfortunately, the incidence of low-risk prostate cancer has increased in the last two decades. Active surveillance is accepted as a management option for favorable-risk prostate cancer. However, due to the heterogeneity of this population, the lack of personalized risk assessments and the absence of treatment, the long-term outcome of active surveillance is not satisfying for approximately 30% of patients (Dhawan et al., 2016; Moschini et al., 2017; Overland et al., 2019; Pastor-Navarro et al., 2021). Since active surveillance patients are diagnosed with either prostatic intraepithelial neoplasia (PIN) or early-stage cancer (Gleason <6), it is apparent that various carcinogenic signaling pathways are already activated and can lead to pathological or clinical progression. Thus, the active surveillance subpopulation of patients with varying cancer risks may benefit from more active, clinical-based nutritional chemopreventive, i.e, interceptive strategies. Natural bioactive compounds known for their anti-inflammatory, antioxidant and anticancer effects may represent risk-reducing agents recommended for cancer interception (Blackburn, 2011). Nutritional interception in intermediate- and high-risk active surveillance patients should target specific molecular pathways. Particularly, our group has shown that natural dietary stilbenes exhibit targeted chemoprotective, interceptive and therapeutic effects against prostate cancer in vitro and in vivo (Kai et al., 2010; Li et al., 2013; Dhar et al., 2016; Butt et al., 2017; Kumar et al., 2019; Gadkari et al., 2020; Levenson, 2020; Hemani et al., 2022). This review will focus on the potential of natural stilbenes to protect against prostate cancer through the modulation of specific miRNAs that can conceivably be detected in bloodstream and urine and serve as prognostic and predictive biomarkers for certain populations of prostate cancer patients in the future.
Stilbenes, miRNAs and cancer
Dietary stilbenes
Stilbenes are a class of polyphenols naturally found in a wide variety of a small and heterogeneous group of plants, including Vitis vinifera, Vaccinium, Cissus adnata, Fallopia japonica, Polygonum cuspidatum, and Picea sitchensis and abies, to mention some (Rimando et al., 2004; Riviere et al., 2012). More than 400 natural stilbenoids have been identified in plants (Shen et al., 2009) where they are produced in response to biotic and abiotic environmental stresses (Bavaresco, 2003). Family members of the stilbenoids have a C6-C2-C6 basic skeleton and consist of two or more phenolic rings linked by an ethane double bond. Natural stilbenes are composed of resveratrol derivatives and concentrated in dietary sources such as grapes, red wine, grape juice, peanuts, berries, passion fruit and some medicinal plants. There are several well-known dietary stilbenes such as resveratrol, piseid, resveratrol dimers pallidol, viniferins, and Gnetin C, pterostilbene, piceatannol, and astringin (Figure 1). Resveratrol (C14H12O3) is the most widely studied stilbene compound, found mostly in grapes and red wine but also in cranberries, pistachios, and chocolate, has multiple and diverse pharmacological properties including antioxidant, anti-inflammatory and anticancer properties (Rauf et al., 2018; Galiniak et al., 2019; Kataria and Khatkar, 2019; Rudrapal, 2022). Pterostilbene (C16H16O3) is a naturally occurring methoxylated analog of resveratrol, found in blueberries and grapes, with improved pharmacokinetic efficacy and more potent biological efficacy over resveratrol (Rimando et al., 2002; Rimando et al., 2004; Rimando et al., 2005; Kapetanovic et al., 2011; Hagiwara et al., 2012; Dhar et al., 2015b). Piceatannol (C14H12O4) is another naturally occurring resveratrol metabolite, found in red wine, grapes, white tea or passion fruit, s recognized as a strong tyrosine kinase inhibitor in different types of cancer (Su and David, 2000; Vo et al., 2010; Kang C.H et al., 2011). Piceid, a major resveratrol glucoside in grape juices, demonstrated antiproliferative effects in epithelial and cancer cells (Su et al., 2013; Storniolo et al., 2014; Zhang T. et al., 2019). Piceatannol’s glucoside, astringin (C20H22O9), especially found in red wine, has been shown to function as potential cancer-chemopreventive agent by a mechanism different from that of resveratrol (Waffo-Teguo et al., 2001). Moreover, a recent report demonstrated potent anti-angiogenic effect of astringin as well as of resveratrol dimers ε-viniferin, ω-viniferin, and pallidol (C28H22O6), also concentrated in grapes and red wine (Fernandez-Cruz et al., 2019). Gnetin C (C28H22O6), a resveratrol dimer found in melinjo (Gnetum gnemon) seed extracts that are commonly used in Indonesian cuisine, possesses a broad spectrum of the same pharmacological activities as other stilbenes with the advantage of superior bioavailability and biological efficacy (Narayanan et al., 2015; Kumar et al., 2019; Gadkari et al., 2020). Chemopreventive effects of dietary stilbenes are mainly due to their anti-inflammatory and antioxidant activity but also direct targeting of multiple signaling pathways involved in carcinogenesis, cancer progression and metastasis. Importantly, accumulated data suggest that the beneficial effects of dietary stilbenes may be in part attributed to their epigenetic properties, including regulation of DNA methylation, histone modifications, and, notably, modulation of the expression of miRNAs/miRs (Kumar et al., 2015; Kumar et al., 2016; Kumar and Levenson, 2018; Levenson, 2021).
[image: Figure 1]FIGURE 1 | Chemical structures of dietary stilbenes: Resveratrol, trans-3, 4′, 5-trihydroxystilbene, MW: 228.24 g/mol; Pterostilbene, trans-3,5-dimethoxy-4′-hydroxystilbene, MW: 256.30 g/mol; Piceatannol, trans-3,5,3′4′-tetrahydroxystilbene, MW: 244.24 g/mol; Piceid, trans-resveratrol-3-O-glucoside, MW: 390.39 g/mol; Astringin, trans-piceatannol-3-β-D-glucuronide, MW: 406.38 g/mol; ε-Viniferin, trans-epsilon-resveratrol dimer, MW: 454.50 g/mol; Pallidol, tetracyclic homodimer resveratrol, MW: 454.48 g/mol; Gnetin C, dimer resveratrol, MW: 454.48 g/mol.
Stilbene-regulated miRNAs in cancer
In a high-throughput analysis of miRNA expression in response to stilbenes, modulated miRs were identified as essential for controlling cancer growth, survival, metabolism, motility, apoptosis, angiogenesis, and metastasis (Tili and Michaille, 2011). In general, studies have shown that stilbenes inhibit oncomiRs and upregulate oncosuppressor miRs, For example, resveratrol has been shown to upregulate miR-21, miR-129, miR-2014, and miR-489 in rodent mammary tumors tissues (Qin et al., 2014) and a number of other oncosuppressor miRs, causing cell cycle arrest and cell death in breast cancer cells (Venkatadri et al., 2016). In chemoresistant breast cancer cells, resveratrol restored cell chemosensitivity by upregulating miR-122-5p (Zhang W. et al., 2019). Resveratrol and pterostilbene reduced the cancer stem-like cells population in mammary tumor formation in vivo by upregulating the expression of oncosuppressor miR-141, miR-16, miR-200c, miR-143 and Ago-2, a key regulator of miRNA homeostasis and biogenesis (Hagiwara et al., 2012). Seventy-one miRNAs were regulated in human lung cancer cells by resveratrol (Bae et al., 2011) including TS miR-622, which targets K-ras (Han et al., 2012). The miRNA-mediated link between inflammation and cancer under resveratrol treatment was demonstrated by revealing upregulation of anti-inflammatory and oncosuppressor miRNAs, such as miR-663, and downregulation of pro-inflammatory and oncogenic miRs, such as miR-155 and miR-21 (Tili et al., 2010a; Tili et al., 2011; Latruffe et al., 2015). Importantly, studies have reported subsequent mechanistic experiments, in which the identification of mRNA target transcripts whose levels were modified by stilbenoids, were validated on mRNA and/or protein levels. For example, resveratrol anti-inflammatory activity occurred via targeting the miR-663-mediated AP-1 signaling pathway (Tili et al., 2010a) and through modulating miRs involved in TGFβ signaling in human colorectal cancer cells (Tili et al., 2010b). Pterostilbene inhibited tumor growth and metastasis in breast cancer xenografts via induction of miR-205 expression, which targeted the Src/Fak signaling (Su et al., 2015) and suppressed glioblastoma through the miR-205/GRP78 axis (Huynh et al., 2015). A different study found that pterostilbene–induced modulation of miR-448/NF-κB axis resulted in suppression of the generation of breast cancer stem cells and metastatic potential (Mak et al., 2013). Further, pterostilbene downregulation of oncogenic miR-663, whose expression is correlated with poor prognosis in endometrial cancer patients, led to induction of pro-apoptotic BCL2L14 in endometrial cancer cells in vitro (Wang et al., 2017). Another natural analog of resveratrol, piceatannol, exhibited inhibition of colorectal cancer cell growth and induction of apoptosis by inducing miR-129-mediated downregulation of BCL-2 (Zhang et al., 2014). Furthermore, piceatannol inhibited Sp-1-mediated ADAM17 expression and the TNFα/NF-kB pathway in human leukemia cells by downregulating Akt/Foxo3-mediated miR-183 expression (Liu and Chang, 2012). Figure 2 summarizes reported miR-mediated biological effects of stilbenes in various cancers including prostate cancer (see below).
[image: Figure 2]FIGURE 2 | MiR-mediated biological effects of dietary stilbenes in cancer. Stilbenes from dietary sources such as grapes, blueberries, peanuts, and passion fruits modulate expression of miRNAs involved in promoting cell cycle arrest and apoptosis and inhibiting inflammation, survival pathways, cancer drug resistance and recurrence, invasion and metastasis as well as reducing cancer stem cell population. The stilbene-regulated miRNAs in prostate cancer are shown in red.
Stilbene-regulated miRNAs in prostate cancer
In prostate cancer, oncomiRs expression correlates with high Gleason score and clinical recurrence (Ambs et al., 2008; Brase et al., 2011) and can be easily detected in serum, plasma and urine (Ambs et al., 2008; Selth et al., 2012; Sapre and Selth, 2013; Jeon et al., 2020; Hasanoglu et al., 2021), which signifies future utilization of miR-regulated pathways as potential targets as well as prognostic and predictive biomarkers.
Differential miRNA expression profiling in LNCaP prostate cancer cells treated with resveratrol revealed considerable modulation of a set of 51 miRNAs, from which 23 miRNAs (putative oncomiRs) were significantly downregulated and 28 miRNAs (putative oncosuppressor miRs) were significantly upregulated (Dhar et al., 2011).
The downregulated by resveratrol miRs included miR-7, miR-24, miR-1260 and miR-17∼92 (miR-17, miR-20a, miR-20b, miR-92b) and miR-106ab clusters. Subsequently, a growing body of evidence has revealed that many of these miRNAs act as oncogenes in prostate cancer. For instance, miR-7 has been found to be upregulated in castrate-resistant prostate cancer (CRPC) clinical samples (Xie and Jiang, 2015). Downregulation of miR-24 induced apoptosis in DU145 prostate cancer cells by upregulating its target pro-apoptotic FAF1 protein (Qin et al., 2010). Multiple miRNAs-TGFβ checkpoints that control TGFβ/SMAD signaling in progression of prostate cancer were identified (Javed et al., 2020). For instance, overexpression of oncomiR-1260b resulted in reduced levels of tumor suppressor SMAD4 leading to prostate cancer progression. Interestingly, miR-1260b was also significantly downregulated by another natural polyphenol known for its anticancer properties, i.e. genistein that promoted SMAD4-mediated apoptosis in prostate cancer cells (Hirata et al., 2014). Overexpression of miR-20a has been detected in tumor tissue samples of prostate cancer patients with a Gleason score of 7–10 (Pesta et al., 2010). Moreover, a high miR-20a-5p expression in prostate tumor tissues was identified as one of the five miRNAs that may, as a panel, be used as a potential diagnostic biomarker (Damodaran et al., 2021) and as an independent predictor for biochemical recurrence (Stoen et al., 2021). The oncogenic role of miR-20a/CX43 (Li et al., 2012) and miR-20a/miR-17/ATG7 (Guo et al., 2016) in prostate cancer was also reported. The miR-17∼92 and paralogs miR-106a∼363 and miR-106b∼25 are commonly described as oncogenic in many cancers (Kolenda et al., 2020) including prostate cancer, in which they have been validated clinically as significantly upregulated compared to normal samples (Taylor et al., 2010). Importantly, miR-17∼92 and miR-106ab have been directly linked to the tumor suppressor PTEN (Olive et al., 2010; Poliseno et al., 2010), one of the frequently defective genes in primary and metastatic prostate cancer (Li et al., 1997). In consequent studies, using functional luciferase reporter assays, it was demonstrated that ectopically expressed miR-17, miR-20a and miR-106b directly target Pten 3′UTR to reduce its expression in DU145 and 22Rv1 prostate cancer cells. Notably, these effects were rescued upon treatment with resveratrol and pterostilbene (Dhar et al., 2015b). Moreover, pterostilbene treatment diminished the miR-17/106a-promoted tumor growth in DU145-Luc prostate cancer xenografts through miR-mediated upregulation of PTEN mRNA and protein levels in tumor tissues, causing apoptosis (Dhar et al., 2015b). A different report demonstrated resveratrol-induced reduction of prostate cancer growth and metastasis through Akt/miR-21/PDCD4 pathway (Sheth et al., 2012).
The upregulated by resveratrol miRs in prostate cancer included miR-1469, miR-612, miR-149, miR-638, miR-654-5p, miR-1908, miR-1915, miR-1231, miR-939, miR-671-5p (Dhar et al., 2011), many of which are currently documented as oncosuppressor miRs in several types of cancer (Jin et al., 2020; Li et al., 2021; Liu et al., 2020a, b; Tan et al., 2016). For example, a recent study demonstrated that miR-149 could inhibit AR expression and reduce the activity of PI3K/Akt1 signaling in castrate-resistant cells (Zhao et al., 2021) and also regulate RGS17-mediated oncogenic effects (Ma et al., 2021) revealing its tumor suppressor nature in prostate cancer. The tumor suppressive role of miR-1231 targeting EGFR in prostate cancer and reducing cell proliferation, migration, and invasion was recently demonstrated (Wang Y et al., 2020). The authors propose diminished miR-1231 levels as a prognostic biomarker for advanced prostate cancer. MiR-654-5p was among fifteen AR downregulating miRNAs that decreased androgen-induced proliferation of prostate cancer cells (Ostling et al., 2011). Another miR, upregulated by resveratrol (Dhar et al., 2011), namely miR-939-3p, was decreased in prostate cancer tissues and cell lines compared to normal adjacent tissues and normal epithelial cell line. MiR-939-3p acted as an oncosuppressor miR through the long non-coding RNA (lncRNA) brain cytoplasmic RNA1 BCYRN1/HDAC11 oncogenic axis in prostate cancer (Huo et al., 2020). Interesting results were reported on the overexpression of spermidine synthase (SRM) in prostate cancer tissues and miR-1908-mediated regulation of SRM, which controls the secretion of extracellular vesicles (EV) in prostate cancer (Urabe et al., 2020). Finally, upregulation of EV-associated miR-1915-3p was concomitant with improved survival time along with two other miRs, but only miR-1915-3p was associated with longer recurrence-free survival as an independent prognostic marker in prostate cancer patients with low and high Gleason scores and of various races (Ali et al., 2021). It is important to notice that detailed experimental mechanistic studies to prove biological consequences of stilbene modulated oncosuppressive miRs in prostate cancer are lucking. Of note, miR-1469 have been reported to be induced by genistein resulting in promotion of apoptosis via inhibition of the Mcl-1 pathway in laryngeal cancer cells (Ma et al., 2018).
The role of some miRs in cancer is complex and ambiguous: these miRs have been reported as both oncogenic and oncosuppressors. However, while this controversy can be attributed to the cell specificity, organ tissue microenvironment and various targets for a given miR, a disagreement about the behavior of a given miR in the same type of cancer is less understandable. For example, although recognized as a tumor suppressor in some tumors (Li et al., 2019; Xin et al., 2019; Wang et al., 2021) the unexpected oncogenic role of miR-671-5p associated with targeting tumor suppressor SOX6 in prostate cancer has been recently reported (Yu et al., 2018). Moreover, oncosuppressor miR-149 was found to be overexpressed in CRPC samples (Zhu et al., 2015) and has been seen as an oncogenic miR associated with syndecan-1 and inhibiting SOX2, NANOG, and Oct4 tumor suppressors (Fujii et al., 2015). Tables 1, 2 summarize confirmed oncogenic (Table 1) and oncosuppressor miRs (Table 2) in prostate cancer earlier identified as resveratrol-regulated (Dhar et al., 2011). The data regarding the functions and exact roles of identified stilbene-regulated miRNAs in prostate cancer are incomplete and require further studies.
TABLE 1 | Confirmed Oncogenic miRNAs in Prostate Cancera.
[image: Table 1]TABLE 2 | Confirmed Oncosuppressor miRNAs in Prostate Cancera.
[image: Table 2]Stilbenes as inhibitors of MTA1 signaling and associated miRNAs in prostate cancer
Understanding the specific molecular mechanisms of premalignancy and cancer progression opens opportunities for developing targeted interceptive measures. It is largely acknowledged that natural polyphenols, particularly stilbenes have pleiotropic anti-inflammatory and anticancer effects acting through various signal transduction pathways such as NF-kB, AP-1, and MAPK signaling among others.
In prostate cancer, metastasis associated protein 1 (MTA1) signaling is aberrantly activated due to overexpression of MTA1 and activation of associated pathways. Increased expression of MTA1 is associated with high Gleason score, recurrence, and metastasis in prostate cancer (Hofer et al., 2004; Dias et al., 2013). MTA1 plays a critical role in different stages of prostate cancer, including chronic inflammation, tumor growth, epithelial-to-mesenchymal transition (EMT), invasion, migration, angiogenesis and metastasis (Levenson et al., 2014). Studies have demonstrated the MTA1-mediated chemopreventive and therapeutic effects of natural stilbenes in prostate cancer (Levenson, 2020). Both resveratrol and pterostilbene inhibited survival pathways and induced apoptosis in prostate cancer through downregulation of the MTA1/HDAC1, 2 units of the NuRD complex, which resulted in the promotion of acetylation and reactivation of tumor suppressors p53 and PTEN (Kai et al., 2010; Dhar et al., 2015b). The inhibitory effects of resveratrol and pterostilbene on MTA1-mediated angiogenesis involving HIF-1a, VEGF, and IL-1β were also consistently reported (Kai et al., 2011; Li et al., 2013; Dhar et al., 2016; Butt et al., 2017; Hemani et al., 2022). We have also shown the MTA1-mediated and MTA1 independent chemopreventive and therapeutic value of Gnetin C in prostate cancer in vitro and in vivo (Kumar et al., 2019; Gadkari et al., 2020). Importantly, stilbenes can inhibit MTA1-associated oncogenic miRNAs (Figure 3).
[image: Figure 3]FIGURE 3 | Effects of dietary stilbenes on the MTA1 signaling pathways including miRNAs. The MTA1/HDAC1,2 signaling is triggered by prostate cancer progression and involves deacetylation of some tumor suppressor (TS) proteins (p53 and PTEN), transcription of oncogenes, and activation of oncogenic miRNAs. These cascades can be inhibited by the dietary stilbenes accumulated in grapes, blueberries and melinjo berries.
MTA1, an epigenetic reader and “master co-regulator” and transcription factor, plays a role in direct or indirect transcriptional activation/suppression of specific genes including miRNAs (Manavathi and Kumar, 2007). MiRNAs that are regulated by epigenetic factors are called Epi-miRs (Valeri et al., 2009; Dhar et al., 2017; Levenson, 2020). MTA1-associated stilbene-regulated Epi-miRNAs have been identified by a systematic analysis and review of the results from the following three high-throughput analyses in prostate cancer: the identification of resveratrol responsive miRNAs using miRNA microarrays in LNCaP cells (Dhar et al., 2011), the identification of MTA1-associated miRNAs by differential miRNA microarrays profiling in LNCaP MTA1 knockdown cells (Dhar et al., 2017), and the identification of prostate tissues transcriptional targets of MTA1 by ChIP-Seq from prostate-specific Pten-deficient mice fed with pterostilbene-diet (Dhar et al., 2016).
Our special interest in oncomiR/PTEN axis came from previous studies, in which we and others showed upregulation of PTEN protein levels by resveratrol in prostate cancer cells (Wang et al., 2010; Dhar et al., 2011), one mechanism of which was the inhibition of MTA1-mediated deacetylation and inactivation of PTEN (Dhar et al., 2015a). In parallel, resveratrol downregulated miR-17-92, miR-106a∼363, and miR-106b∼25 clusters in prostate cancer cells (Dhar et al., 2011). Further, miR-17, miR-20a, and miR-106b directly targeted the 3′UTR of Pten, an event that was reversed by resveratrol and pterostilbene in prostate cancer cells (Dhar et al., 2015b). Moreover, the reduced levels of circulating miR-17 and miR-106a in the sera from mice treated with pterostilbene - led to reduced tumor growth and revealed the potential of stilbene-responsive miRs as chemopreventive and predictive biomarkers in prostate cancer (Dhar et al., 2015b). In addition, miRNA profiling of MTA1-knockdown cells revealed direct regulation of miR-92b by MTA1, among others (Dhar et al., 2017).
Other candidate MTA1-associated stilbene-regulated miRs are miR-22 and miR-34a (Dhar et al., 2017). According to publicly available prediction algorithms, oncomiRs miR-22 and miR-34a target tumor suppressors p21 and p53, respectively. An inverse relationship between MTA1/miR-22 and p21 and MTA1/miR-34a and p53 was demonstrated in MTA1 knockdown prostate cancer cells (Joshi et al., 2020). Notably, MTA1-associated miR-22 and miR-34a were regulated by low-fat and high-fat diets supplemented with grape powder fed to mice prone to developing PIN (Pten+/f, Pb-Cre+). These two PIN-derived circulating oncomiRs further were detected in murine serum, in which they showed statistically significant reduced levels in mice fed with diets supplemented with grape powder containing not only stilbenes but other polyphenols (Joshi et al., 2020). In a different set of experiments using a high-risk premalignant prostate cancer mouse model (R26MTA1; Pten+/f; Pb-Cre+) fed a diet supplemented with pterostilbene (100 mg/kg diet), we registered MTA1-targeted chemoprevention along with reduced circulating miR-22 and miR-34a levels in response to pterostilbene treatment (Hemani et al., 2022). As the same miR can target multiple mRNAs, studies have reported miR-22 direct targeting of PTEN in prostate cancer (Poliseno et al., 2010) and downregulation of PTEN protein levels in RWPE1 prostate cancer cells ectopically expressing miR-22 (Dhar et al., 2017). Another valuable MTA1-associated miRNA/target axis was identified from miRNA profiling studies and was functionally validated in prostate cancer: the miR-22/E-cadherin axis (Dhar et al., 2017). E-cadherin is a valid adhesion factor that plays an essential role against EMT leading to invasion and metastasis (Frixen et al., 1991; Perl et al., 1998; Onder et al., 2008). In addition to correlative observation of aggressive DU145 and PC3M prostate cancer cells with high MTA1/miR-22 and low E-cadherin expression compared to “good” RWPE1 and LNCaP cells, meta-analysis of patient tumor samples indicated a positive correlation between MTA1 and miR-22 and a negative correlation between MTA1 and E-cadherin, supporting their inhibitory effect on E-cadherin expression. MTA1-induced drastic downregulation of E-cadherin was further shown in the prostate tissues of prostate-specific transgenic mice overexpressing MTA1 (R26MTA1; Pb-Cre+). Mechanistically, MTA1-induced overexpression of miR-22 reduced expression of E-cadherin resulting in increased cell invasiveness and migration of prostate cancer cells and the link between miR-22 and its putative target E-cadherin mRNA was demonstrated using reporter constructs of the 3ˊ-UTR of E-cadherin. MTA1-promoted miR-22-regulation of this adhesion factor makes the MTA1/miR-22/E-cadherin axis critical for promoting tumor invasiveness in prostate cancer cells (Dhar et al., 2017). Bearing in mind that miR-22 is a confirmed regulator of EMT (Song et al., 2013), its role as a prognostic and predictive biomarker in advanced prostate cancer and a potential therapeutic target becomes essential.
CONCLUSION
Identifying miRNAs linked to specific signaling pathways that are critical for prostate tumor progression and metastasis might provide novel targeted chemoprevention and therapeutic opportunities. Pharmacological modulation of miRNA activities, specifically by dietary stilbenes may have tremendous impact in interceptive approaches for different stages of prostate cancer. The results from our studies suggest that miR regulation is conserved among stilbene family members and that the identified MTA1-miRNA network regulated by stilbenes plays a significant role in prostate cancer progression. These miRNAs are particularly attractive because they can be detected in serum or urine as “liquid biopsy” biomarkers essential for diagnosis, prediction of interception/therapy response, and prognosis in prostate cancer. Studies have also reported beneficial miR-mediated effects of stilbenes in combination with other natural polyphenols in various cancers. Due to their unique chemical structure, different classes of polyphenols may produce specific miR-mediated gene regulation, which may culminate in synergistic beneficial effects. Further studies have the potential of improving the goals of personalized medicine, specifically concerning personalized interception using miRNA-modulating natural products with potential chemopreventive and therapeutic benefits in prostate cancer.
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GLOSSARY
ADAM17 disintegrin and metallopeptidase domain-containing protein 17
Akt v-akt murine thymoma viral oncogene (protein kinase B)
AP1 jun proto-oncogene
AR androgen Receptor
ATG7 autophagy related 7
Ago-2 argonaute 2
BCL-2 B-cell lymphoma 2
BCL2L14 B-cell lymphoma like 14
BCYRN1 brain cytoplasmic RNA 1
ChIP-Seq chromatin immunoprecipitation sequencing
CRPC castrate resistant prostate cancer
CX43 connexin 43 (Gap junction alpha 1 protein, GJA1)
DU145 human prostate cancer cell line
EGFR epidermal growth factor receptor
EMT epithelial-to-mesenchymal transition
Epi-miRNA epigenetic miRNA (ribonucleic acid)
EV extracellular vehicle
FAF1 fas-associated factor 1
Fak focal adhesion kinase
Foxo3 forkhead box O3
GRP78 glucose-regulated protein 78
HDAC1/2 histone deacetylases 1 and 2
HDAC11 histone deacetylase 11
HIF-1α hypoxia inducing factor 1
IL-1β interleukin 1 Beta
K-ras kirsten rat sarcoma virus
LNCaP human prostate cancer cell line
lncRNA long non-coding ribonucleic acid
Luc luciferase
MAPK mitogen-activated protein kinase
Mcl-1 myeloid cell leukemia 1
miR microRNA (ribonucleic acid)
miRNA microRNA (ribonucleic acid)
mRNA messenger RNA (ribonucleic acid)
MTA1 metastasis-associated protein 1
mPIN mouse PIN
NANOG homeobox protein, a transcription factor in embryonic stem cells
ncRNA non-coding RNA
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NuRD nucleosome remodeling and deacetylase complex
Oct4 homeobox protein, a transcription factor in embryonic stem cells
OncomiR oncogenic miRNA
PC3 human prostate cancer cell line
PDCD4 programmed cell death 4
PI3K phosphatidylinositol 3-kinase/serine/threonine kinase PKB
PIN prostatic intraepithelial neoplasia
PTEN phosphatase and tensin homolog deleted in chromosome 10
Ptenf/f Pten gene, floxed
Pten+/f Pten heterozygous mice (Pb-Cre4+, Pten+/f)
RGS17 regulator of G protein signaling
R26MTA1 rosa26 locus; R26MTA1: MTA1 overexpressing mice
22Rv1 human prostate cancer cell line
RWPE1 human prostate cancer cell line
SMAD4 mothers against decapentaplegic homolog 4
SOX2 SRY (sex determining region Y)-box 2
SOX6 SRY (sex determining region Y)-box 6
Sp-1 specificity protein 1
Src proto-oncogene tyrosine-protein kinase
SRM spermidine synthase
TGFβ1 transforming growth factor β1
TNFα tumor necrosis factor alpha
TS tumor suppressor
3′UTR 3 prime untranslated region
VEGF vascular endothelial growth factor
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MicroRNAs are small non-coding RNAs that play important roles in gene regulation by influencing the translation and longevity of various target mRNAs and the expression of various target genes as well as by modifying histones and DNA methylation of promoter sites. Consequently, when dysregulated, microRNAs are involved in the development and progression of a variety of diseases, including cancer, by affecting cell growth, proliferation, differentiation, migration, and apoptosis. Preparations from the dried root and rhizome of Salvia miltiorrhiza Bge (Lamiaceae), also known as red sage or danshen, are widely used for treating cardiovascular diseases. Accumulating data suggest that certain bioactive constituents of this plant, particularly tanshinones, have broad antitumor effects by interfering with microRNAs and epigenetic enzymes. This paper reviews the evidence for the antineoplastic activities of S. miltiorrhiza constituents by causing or promoting cell cycle arrest, apoptosis, autophagy, epithelial-mesenchymal transition, angiogenesis, and epigenetic changes to provide an outlook on their future roles in the treatment of cancer, both alone and in combination with other modalities.
Keywords: Salvia miltiorrhiza, microRNA, apoptosis, histone modifications, combination medication, cancer
INTRODUCTION
Salvia miltiorrhiza is a common herbal beverage in Traditional Chinese Medicine (TCM). S. milthiorrhiza belongs to the Lamiaceae family, and its medicinal parts are the roots or rhizomes (Zhang et al., 2022). S. milthiorrhiza has been widely used in TCM for the treatment of cardiovascular disease (CVD) (Li et al., 2018; Ren et al., 2019). For instance, Danshen-Honghua is a commonly used herb pair for promoting blood circulation and removing blood stasis, and S. milthiorrhiza often appears in some TCM compounds used for cardiovascular and cerebrovascular diseases, such as Danhong Huayu Oral Liquid, Danhong Injection, and Xinning Tablets (Wang et al., 2019b).
S. milthiorrhiza improves microcirculation, protects the nervous system, and dilates blood vessels, and it also has antitumor properties (Tao et al., 2018). Research has shown that the compounds in S. milthiorrhiza are mainly divided into two categories as follows: fat-soluble, which mainly include diterpenoids, triterpenoids, flavonoids, nitrogenous compounds, lactones, and polysaccharides; and water-soluble, which mainly include phenolic acids (Su et al., 2015). Diterpenoids mainly include tanshinones, such as tanshinone I (tan I), tanshinone IIA (tan IIA), tanshinone IIB (tan IIB), cryptotanshinone (CPT), dihydrotanshinone I (DHT I), and isocryptotanshinone (Tian et al., 2021). The water-soluble compounds in S. milthiorrhiza are primarily salvianolic acid A (Sal A), salvianolic acid B (Sal B), salvinorin, caffeic acid, rosmarinic acid, and protocatechuic acid (Xin et al., 2020). Most of the triterpenoids are derivatives of oleanolic acid (OA) and ursolic acid (UA) (Tung et al., 2017). The flavonoids in S. milthiorrhiza are mainly luteolin (LUT) and its derivatives (Salinas-Arellano et al., 2020). The polysaccharides in S. milthiorrhiza are mainly composed of mannose, rhamnose, arabinose, glucose, and galactose (Han et al., 2019). The nitrogen-containing compounds that have been isolated from S. milthiorrhiza include neosalvianen, salvianen, and salviadione. In addition, S. milthiorrhiza also contains lactone compounds, such as Dan shen spiroketal lactone (Liang et al., 2020; Wang et al., 2020) (Figure 1). Cancer is a disease that seriously endangers human health. According to the latest data released by the World Health Organization’s International Agency for Research on Cancer (IARC), the number of new cancer cases worldwide in 2020 exceeded 19.3 million, and China ranks 68th in the world in cancer incidence rate (Sung et al., 2021). Many studies have reported that the chemical components in S. milthiorrhiza, such as tan IIA, have good antitumor activity. In addition to inhibiting the proliferation, blocking the cell cycle, inducing apoptosis, and inducing autophagic death of various types of tumor cells, tan IIA also significantly inhibits cell migration and invasion (Cao et al., 2018; Fang et al., 2020). Tan I and LUT also exert antitumor effects through mediating apoptosis and cell cycle arrest (Anson et al., 2018; Li et al., 2018a).
[image: Figure 1]FIGURE 1 | Classification and chemical structures of S. miltiorrhiza bioactive compounds. The chemical structures of the S. miltiorrhiza constituents included in this publication were obtained from PubChem and drawn with the ChemDraw program.
ANTITUMOR ACTIVITIES OF S. MILTIORRHIZA
Inhibition of proliferation
S. miltiorrhiza bioactive compounds, such as tan IIA and CPT, effectively inhibit tumor growth (Chen et al., 2014) and suppress tumor cell proliferation in vitro and in vivo (Lin et al., 2015; Zhang et al., 2019c). For example, tan IIA inhibits tumor growth in acute promyelocytic leukemia NB4 cell xenograft mice (Zhang et al., 2016c). Liu et al. (2020) reported that CPT inhibits the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt) pathway by inducing the expression of phosphatase and tensin homologue (PTEN), which represses tumor growth in 5637 cell xenograft mice. Furthermore, tanshinol represses U2-OS tumor growth in zebrafish larvae in a dose-dependent manner (Yu et al., 2022). In addition, previous studies have demonstrated that tan IIA suppresses the proliferation of different types of tumor cells in a time- and dose-dependent manner in vitro, including gastric cancer (GC; SNU-638, MKN1 and AGS cells) (Zhang et al., 2018) and non-small cell lung cancer (NSCLC; A549 and H292 cells) (Qi et al., 2022). Additionally, it has been reported that tan IIA reduces the phosphorylation of insulin-like growth factor 1 receptor (IGF-1R) and its downstream PI3K/Akt and extracellular signal-regulated kinase 1/2 (ERK1/2) pathways, resulting in the suppression of pheochromocytoma growth (PC12 cells) (Wang et al., 2018a). Other tanshinones also inhibit the development of tumors. For example, tan I suppresses colorectal cancer (CRC) cell proliferation by decreasing aurora A-mediated upregulation of p53 or downregulation of survivin expression to induce apoptosis in HCT116 and SW480 cells (Lu et al., 2016). In addition, CPT enhances the cytotoxicity of CD4+ T cells and prevents the development of H446 cells by upregulating the levels of phosphorylated JAK kinase 2 (p-JAK2) and phosphorylated signal transducer and activator of transcription 4 (p-STAT4) (Man et al., 2016). In addition, other components of S. miltiorrhiza have been reported to have antitumor properties. For example, LUT suppresses the viability of RPMI-8226 multiple myeloma cells by enhancing the expression of cleaved caspase 3 and microtubule-associated protein light chain 3 (LC3)-II/I (Chen et al., 2018). LUT also inhibits xenograft tumor growth by reducing Ki-67, p-LIMK, and p-cofilin expression (Zhang et al., 2021). Furthermore, salvianolic acid inhibits tumor cell proliferation. Sal A reduces the viability of NSCLC cells (Jin et al., 2021), and Sal B suppresses cell proliferation via regulating the Akt/mTOR pathway in DDP-resistant GC cells (Wang et al., 2021a).
The cell cycle is the foundation of cell proliferation, and blockade of the cell cycle prevents tumor development. It has been reported that tan IIA inhibits the proliferation of ovarian cancer (Zhou et al., 2020), cervical cancer (Pan et al., 2010), and GC (Chen et al., 2012) cells by arresting the cell cycle in the G2/M phase. In contrast, tan IIA arrests the cell cycle in lung cancer at the G0/G1 phase via upregulating the levels of p53 and p21 as well as downregulating the levels of cyclin D1, cyclin E1, and cyclin-dependent kinase 2 (CDK2) (Lee et al., 2016). Furthermore, tan IIA arrests the cell cycle in prostate cancer in the G0/G1 phase through increasing the expression of p21, p26, and p27 as well as decreasing the expression of cyclin D1, CDK2, and p-Rb (Chiu et al., 2013). Therefore, we propose that the different effects of tan IIA on the cell cycle may be related to cell types. Studies have indicated that other components of S. miltiorrhiza also block the cell cycle at different phases in various tumors cells. For example, LUT inhibits cell proliferation of bladder cancer and lung cancer through arresting the cell cycle in the G2/M phase and G1 phase, respectively (Iida et al., 2020; Zhang et al., 2021). LUT blocks the cell cycle in the G2/M phase through upregulating p21Waf1/Cip1 and p27Kip1 as well as downregulating cyclin A and D1 in bladder cancer T24 cells (Iida et al., 2020). In addition, LUT reduces the expression of cyclin D1 and cyclin D3, thereby inducing cycle arrest of lung cancer cells in the G1 phase (NCI-H1975 and NCI-H1650 cells) (Zhang et al., 2021). Moreover, OA reduces the levels of cyclin D1, CDK1, CDK2, CDK4, and CDK7 but increases the expression of p27, which in turn blocks the cell cycle of HeLa cells in the sub-G1 phase, thereby inhibiting cervical cancer cell growth (Edathara et al., 2021). Moreover, Sal B arrests the cell cycle of A549 cells in the G0/G1 phase by regulating cyclin B1 and p21, thereby repressing A549 cell proliferation (Han et al., 2022). Thus, these findings demonstrate that S. miltiorrhiza bioactive compounds suppress the proliferation of various cancers by driving cell cycle arrest, indicating the potential antitumor usage of S. miltiorrhiza bioactive compounds in the clinic.
Promotion of apoptosis
Apoptosis is an autonomous and orderly cell death process controlled by genes that occurs after cells are stimulated by physiological or pathological signals, and tumors have the ability to resist apoptosis via multiple strategies (Pistritto et al., 2016; Huang et al., 2021a). The antitumor effect of S. miltiorrhiza bioactive compounds has been linked to the induction of apoptosis in multiple studies (Sun et al., 2021). For example, tan IIA induces apoptosis of ovarian cancer A2780 cells by regulating the PI3K/Akt/c-Jun N-terminal kinase (JNK) signaling pathway, which increases the expression of caspase 3, caspase 8, and caspase 9 but decreases the expression of B cell lymphoma 2 (Bcl-2) family proteins (Bcl-w and Bcl-1L) (Zhang et al., 2019a). Tan IIA has also been shown to promote tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-induced apoptosis in glioblastoma by upregulating death receptor 5 (DR5) and blocking STAT3-mediated survivin downregulation (Zhou et al., 2021). Moreover, tan I induces leukemia cell apoptosis via inactivation of the PI3K/Akt/survivin signaling pathway, which disrupts the membrane potential, increases Bcl-2-related X (Bax) expression, and activates caspase 3 (Liu et al., 2010). Tanshinone analog 2-((Glycine methyl ester) methyl)-naphtho (TC7) induces cell apoptosis by regulating apoptosis-associated genes, such as p53, ERK1, Bax, p38, Bcl-2, caspase 8, cleaved caspase 8, and poly (ADP-ribose) polymerase 1 (PARP1), as well as the phosphorylation levels of ERK1 and p38 (Wang et al., 2019). Additionally, LUT has been reported to promote apoptosis in a variety of tumor cells, including ovarian teratomas (Liu et al., 2019) and melanomas (Yao et al., 2019), by decreasing Bcl-2 expression, increasing Bax expression, and inhibiting the PI3K/Akt signaling pathway. Moreover, Sal B induces osteosarcoma MG63 cell apoptosis by increasing the expression of cleaved caspase 3, phosphorylated-p38 mitogen-activated protein kinase (p-p38 MAPK), and phosphorylated-p53 (p-p53) (Zeng et al., 2018).
S. miltiorrhiza bioactive compounds induce apoptosis of various tumor cells through the mitochondrial pathway (Ye et al., 2017). Tan IIA regulates mitochondrial fission through the JNK/mitochondrial fission factor (MFF) axis, which in turn upregulates mitochondrial pro-apoptotic proteins (Bax and Bad), activates caspase 9, and leads to colon cancer SW837 cell apoptosis (Jieensinue et al., 2018). Reactive oxygen species (ROS) interact with membrane receptors and transcription factors/repressors to activate endogenous and exogenous apoptotic signaling pathways, thereby inducing apoptosis (Su et al., 2019). DHT provokes mitochondrial dysfunction in the early stage by decreasing mitochondrial membrane permeability (MMP) and ROS levels, leading to cell death in colon cancer cells (Wang et al., 2013). Moreover, DHT I stimulates the release of both cytochrome c and apoptosis inducing factor (AIF) in HCT116 cells, which downregulates Bcl-xl and upregulates Bax, thereby inducing apoptosis (Wang et al., 2015). Another S. miltiorrhiza component, LUT, promotes apoptosis in canine osteosarcoma cells by generating ROS, increasing loss of MMP, and reducing cytosolic Ca2+ concentration (Ryu et al., 2019). In addition, CPT upregulates Bax and cleaved caspase3 but downregulates the anti-apoptotic protein, Bcl-2, which reduces the level of ROS, thereby inducing apoptosis in human melanoma A375 cells (Ye et al., 2016). Furthermore, Sal B induces mitochondria-mediated apoptosis in human colon cancer cells by reducing the mitochondrial potential and increasing mitochondrial cytochrome c release (Gong et al., 2016). Collectively, inducing mitochondria-dependent apoptosis is one of the important ways for S. miltiorrhiza bioactive compounds to exert an antitumor effect.
Inhibition of migration and invasion
Metastasis and invasion are the main manifestations of tumor malignancy, and they are key factors affecting cancer prognosis (Suhail et al., 2019). Tumor cell invasion and metastasis are complicated biological processes that involve the interplay of many growth factors, cytokines, enzyme systems, matrix metalloproteinases, signaling pathways, and epithelial-mesenchymal transition (EMT) (Patriarca et al., 2020). Many studies have reported that numerous S. miltiorrhiza bioactive compounds affect tumor metastasis and invasion via regulating angiogenesis, regulating tumor cell EMT, and blocking matrix metalloproteinases from hydrolyzing the basement membrane (Zhang et al., 2012). For instance, tan IIA blocks the nuclear factor kappa-B (NF-κB) signaling pathway to inhibit the activity of MMP2 and MMP9, thereby preventing the metastasis and invasion of human hepatoma cells and hepatocellular carcinoma (HCC) cells (Shan et al., 2009; Yuxian et al., 2009; Zhang et al., 2016d).
New blood vessels in tumor tissue provide a source of nutrients for cell proliferation and are also a channel for tumor cell migration (Jiang et al., 2020). Thus, inhibiting tumor angiogenesis has become one of the current antitumor strategies (Fu et al., 2020). Rapid tumor cell proliferation generates hypoxia in local tumor tissue, which activates and upregulates hypoxia-inducible factor 1α (HIF-1α), resulting in the upregulation of the expression of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF), to promote angiogenesis (Keeley et al., 2010). VEGF is a potent angiogenic factor that increases vascular permeability, enabling endothelial cell migration and inducing angiogenesis (Melincovici et al., 2018). Many components of S. miltiorrhiza have been demonstrated to suppress tumor cell invasion and metastasis via regulating HIF-1α- and VEGF- mediated signaling pathways (Macklin et al., 2017). Tan IIA, tan I, and LUT inhibit the secretion of VEGF under hypoxia by downregulating HIF-1α expression, further inhibiting the growth of new blood vessels and the metastasis and invasion of HCC cells, CRC cells, breast cancer cells, human endothelial progenitor cells, and human umbilical vein endothelial cells (Nizamutdinova et al., 2008; Li et al., 2015; Lee et al., 2017; Sui et al., 2017; Fang et al., 2018; Li et al., 2019; Xue et al., 2019; Zhou et al., 2020c).
During EMT, cells transition from an epithelial state to a mesenchymal state, enabling tumor cells to invade and metastasize (Pastushenko and Blanpain 2019). In the EMT process, epithelial proteins are up- or downregulated, and these proteins are identified as EMT markers. The occurrence of EMT is indicated by decreased E-cadherin and keratin as well increased mesenchymal markers, including vimentin, fibronectin, N-cadherin, and α-SMA (Zeisberg and Neilson 2009). Salvinorin and DHT prevent EMT in colon cancer cells and triple-negative breast cancer (TNBC) cells by increasing E-cadherin levels and decreasing N-cadherin and vimentin levels (Kashyap et al., 2021; Cao et al., 2022).
Numerous studies have shown that S. miltiorrhiza bioactive compounds reverse the levels of EMT markers through a complex pathway, including transcription factors, which inhibit the EMT process in tumor cells (Pastushenko and Blanpain 2019). TGF-β is a key factor in inducing EMT in the process of tumor cell proliferation, and elevated levels of TGF-β regulate the expression of EMT markers, which in turn induces EMT (Ali et al., 2015). It has been reported that Sal B and Sal A inhibit the EMT of renal tubular epithelial cells and endothelial cells, respectively, by inhibiting the expression of TGF-β and reversing the expression of EMT markers (Wang et al., 2010; Zhao et al., 2017). YAP/TAZ, a co-activating transcription factor, translocates into the nucleus and binds to transcription factors, such as Twist and Snail, to promote gene transcription (Noguchi et al., 2018; Ma et al., 2019). LUT inhibits the EMT in TNBC cells by inhibiting the transcription activity of YAP/TAZ as well as preventing it from entering the nucleus, further upregulating the protein levels of E-cadherin and downregulating the protein levels of fibronectin, N-cadherin, and vimentin (Cao et al., 2020).
In addition, β-catenin, a cell adhesion regulator, combines with E-cadherin protein on the cell membrane to attach it to the actin cytoskeletal protein, thereby increasing cell adhesion (Shang et al., 2017). GSK-3β is an evolutionarily conserved serine/threonine (S/T) kinase that phosphorylates and degrades cytoplasmic β-catenin, which is regulated by β-arrestin1 and the PI3K/Akt pathway (Yu et al., 2021). Studies have shown that tan IIA increases the expression of GSK-3β by inhibiting the β-arrestin1 and PI3K/Akt signaling pathways, further reducing the nuclear localization of β-catenin and blocking the EMT in CRC and HCC cells (Zhang et al., 2019; Song et al., 2020). Moreover, adhesion factors, such as CCL2, are critical in the EMT process, and the reduction of adhesion factor expression leads to reduced adhesion between transitional cells and adjacent epithelial cells, which causes epithelial cells to lose apical basal cell polarity, thereby promoting the EMT process (Jin 2020; Zou et al., 2020). Studies have shown that tan IIA suppresses the EMT in bladder cancer cells by downregulating CCL2 via blocking the STAT3 pathway (Huang et al., 2017) (Figure 2).
[image: Figure 2]FIGURE 2 | Bioactive compounds of S. miltiorrhiza involved in EMT regulation. Tan IIA, LUT, Sal A, and Sal B modulate various signaling pathways, including the NF-κB signaling pathway, VEGF signaling pathway, β-catenin signaling pathway, and PI3K/Akt signaling pathway, and they upregulate E-cadherin and downregulate N-cadherin, α-SMA, vimentin, and fibronectin.
In conclusion, S. miltiorrhiza bioactive compounds inhibit tumor cell metastasis and invasion through different pathways, including inhibiting the activity of MMP proteins, tumor angiogenesis, and the EMT process.
Regulation of autophagy
Autophagy is a type of programmed cell death, and it is a target in cancer treatment (Rodrigues et al., 2020). Investigations have revealed that S. miltiorrhiza bioactive compounds, such as tan IIA, tan I, CPT, DHT, and LUT, induce autophagy, thereby inhibiting cancer cell proliferation (Fu et al., 2020a).
One of the critical pathways to induce autophagy is the conversion of the soluble form of microtubule-associated protein light chain 3-I (LC3-I) to lipid-soluble LC3-II, which is involved in the formation of autophagosomes, thereby inducing autophagy (Wu et al., 2015). In vitro experiments have shown that CPT and DHT induce autophagy by increasing the accumulation of LC3-II in CRC, which induces tumor cell death (Hu et al., 2015).
In addition, the coordinated action of the unc-51-like kinase 1 (ULK1) complex and Beclin 1 functions in driving autophagy (Russell et al., 2013). Beclin 1 is one of the key regulators of autophagy, which participates in the initiation of autophagosome formation, thereby promoting autophagy (Funderburk et al., 2010). For example, LUT induces autophagy in lung cancer cells, HCC cells, and skin squamous cell carcinoma cells by upregulating Beclin 1 expression, subsequently inhibiting tumor cell growth (Verschooten et al., 2012; Park et al., 2013; Potočnjak et al., 2020). Moreover, the ULK1/2 complex is activated in the early stage of autophagy and cooperates with Beclin 1 to initiate autophagosome formation and induce autophagy (Parzych and Klionsky 2014). Furthermore, tan I activates the ULK1 complex and upregulates the expression level of Beclin 1, which subsequently induces autophagy and prevents the growth of breast and liver cancer cells (Zheng et al., 2020).
Mechanistic target of rapamycin (mTOR) is a S/T kinase, which exists in two distinct complexes called mTOR complex 1 (mTORC1) and 2 (mTORC2), and mTORC1 is a key regulator of autophagy (Hua et al., 2019). The activity of mTORC1 reflects the nutritional status of the cell (Kim et al., 2011). Under nutrient-rich conditions, mTORC1 inhibits the autophagy-promoting kinase activity of the ULK1 complex by mediating specific site phosphorylation of ULK1 (Ser637 and Ser757) (Karabiyik et al., 2021). During periods of starvation and cellular stress, mTORC1 activity is inhibited and dissociates from ULK1, resulting in dephosphorylation of ULK1 (Zachari and Ganley 2017). At the same time, the ULK1 complex becomes active through autophosphorylation at Thr180, initiating autophagy (Zachari and Ganley 2017). Studies have shown that tan I inhibits the activity of mTORC1 under starvation conditions, subsequently increasing the activity of the ULK1 complex and promoting the occurrence of autophagy in breast and liver cancer cells (Zheng et al., 2020).
The mTOR pathway is regulated by multiple signaling pathways in autophagy, such as the PI3K/Akt, MAPK/MEK/ERK1/2, and AMPK pathways (Querfurth and Lee 2021). The PI3K/Akt and MAPK/MEK/ERK1/2 signaling pathways have a positive regulatory effect on mTOR, and blocking the above pathways causes autophagy, eventually leading to tumor cell death (Xu et al., 2020a). It has been reported that tan I and tan IIA induce autophagy by inhibiting the PI3K/Akt/mTOR pathway, further inhibiting the proliferation of tumor cells (including ovarian cancer cells, glioma cells, acute promyelocytic leukemia NB4 cells, acute mononuclear leukemia cells, oral squamous cell carcinoma (OSCC) cells, and melanoma cells) (Ding et al., 2017; Li et al., 2017; Qiu et al., 2018; Zhang et al., 2019c; Zhou et al., 2020b; Pan et al., 2021). In addition, tan IIA also drives autophagy through inhibiting the MEK/ERK/mTOR signaling pathway, thereby suppressing the proliferation of colon cancer cells (Qian et al., 2020).
In contrast, the AMPK pathway negatively regulates mTOR. Phosphorylated AMPK inhibits the activity of mTORC1, which indirectly increases the activity of the ULK1 complex, thereby promoting the occurrence of autophagy (Li and Chen 2019). Tan IIA activates AMPK phosphorylation to inhibit mTOR phosphorylation, thereby inducing autophagic death of leukemia cells (Yun et al., 2014). Moreover, under starvation conditions, AMPK activation directly catalyzes the phosphorylation of ULK1 to promote autophagy (Karabiyik et al., 2021). According to a previous study, tan I activates the AMPK signaling pathway to active the ULK1 complex, which subsequently induces autophagy and prevents the growth of breast and liver cancer cells (Zheng et al., 2020).
In summary, tan IIA inhibits the mTOR pathway through different mechanisms and increases the expression of autophagy-related proteins, such as LC3-II and Beclin 1, thereby inducing autophagy in tumor cells (Figure 3).
[image: Figure 3]FIGURE 3 | The bioactive compounds of S. miltiorrhiza promote autophagy in cancers. Tan IIA and Tan I regulate AMPK signaling, PI3K/AkT signaling, and MAPK/ERK1/2 signaling, thereby regulating mTOR and ULK1 complexes, which promotes the formation of autophagosomes. CPT, DHT, and LUT regulate the PI3K complex and LC3, which in turn promotes autophagosome formation.
TARGETING MICRORNAS (MIRNAS)
MiRNAs are a class of non-coding small RNAs with a length of 21–25 nucleotides, and they are widely present in animal and plant cells (Mohr and Mott 2015). MiRNAs bind to the 3′-untranslated region (UTR) of messenger RNA (mRNA) to inhibit mRNA translation or induce mRNA degradation, thereby silencing gene expression at the post-transcriptional level (Lee and Dutta 2009; Wu et al., 2021). In malignant tumors, aberrant amplification, deletion, mutation, and epigenetic silencing of miRNAs have been identified to exert oncogenic or tumor-suppressive effects depending on the target (Rupaimoole and Slack 2017). As an epigenetic modification, miRNAs up- or downregulate the expression of downstream genes through targeting the promoter region of the target gene, thereby mediating the progression of indicated tumors (Ali Syeda et al., 2020). Thus, miRNAs may be used as diagnostic, prognostic, and predictive biomarkers of tumors, and targeting microRNAs may be a potential therapeutic approach for cancers (Iorio and Croce 2012). Studies have demonstrated that S. miltiorrhiza bioactive compounds mediate tumorigenesis by regulating the biological behaviors of miRNAs in cell proliferation, apoptosis, invasion, and metastasis.
Targeting miRNAs to inhibit proliferation
It has been reported that miRNAs target proliferation-related genes and proteins, such as PKM, Akt, and MEF2D, to regulate tumor cell proliferation (Xu et al., 2020). Tan IIA suppresses the proliferation of AML cells (HL-60 and THP-1), glioma cells, esophageal cancer cells (EC109), breast cancer cells, and NSCLC cells through targeting miR-497-5p/Akt3, miR-122/PKM2, miR-16-5p/TLN1, miR-125b/STAR13, and let-7a-5p/aurora kinase A (AURKA), respectively (Zhang et al., 2016; Liu et al., 2020a; Liu et al., 2020; Nie et al., 2020; You et al., 2020; Li et al., 2022). Moreover, tan I, CPT, and tan IIA share common targets, including miR-137 and let-7a-5p, which function in inhibiting the proliferation of NSCLC by regulating the expression of ULK2/IBTK and AURKA, respectively; these common targets may be a result of highly similar chemical structures (Zhang et al., 2016; Liu et al., 2020a). It has been reported that tan I and CPT show inhibitory effects in NSCLC through targeting AURKA mediated by miR-32 (Ma et al., 2015). In addition, studies have reported that CPT inhibits the proliferation of NSCLC cells through targeting miR-146a-5p/EGFR (Qi et al., 2019). Furthermore, UA downregulates miR-499a-5/secreted frizzled related protein 4 (sFRP4) and miR-149-5p/myeloid differentiation primary response 88 (MyD88), thereby inhibiting the proliferation of NSCLC cells (Chen et al., 2020; Mandal et al., 2021). Another active ingredient of salvia, OA, suppresses the proliferation of A549 and GC cells through increasing the expression of miR-122/CCNG1/MEF2D and miR-98-5p/IL-6, respectively (Zhao et al., 2015; Xu et al., 2021). Additionally, studies have shown that LUT regulates the levels of miR-203/Ras/Raf/MEK/ERK, miR-8080/AR-V7 and miR-6809-5p/flotillin 1, which in turn inhibits the proliferation of breast cancer, castration-resistant prostate cancer (CRPC), and HCC, respectively (Gao et al., 2019; Yang et al., 2019; Naiki-Ito et al., 2020).
Researchers have also indicated that abnormal miRNAs promote tumor cell proliferation by regulating the expression of cell cycle-related proteins (Mens and Ghanbari 2018). Studies have shown that UA inhibits the proliferation of BGC-823 cells by upregulating miR-133a and inhibiting Akt1 expression, thereby promoting cell cycle arrest in the G phase (Xiang et al., 2014). Zhang et al. (2016b) reported that tan IIA induces the upregulation of miR-122 expression and inhibits the expression of pyruvate kinase M2 (PKM2) in human EC109 cells, which induces human EC109 tumor cells to arrest in S phase, thereby exerting an anticancer effect (Zhang et al., 2016).
Targeting microRNAs to promote apoptosis
Specific miRNAs directly or indirectly participate in the regulation of multiple apoptotic pathways by regulating the level of downstream genes, and they can play an oncogenic or tumor suppressor role (Bejarano et al., 2021). Tan IIA targets miR-125b/gasdermin D (GSDMD) and miR-145/caspase 1, which induces apoptosis of nasopharyngeal carcinoma (NPC) cells (HK1 cells) and cervical carcinoma cells (HeLa cells), respectively (Tong et al., 2020; Wang et al., 2021c). In addition, tan IIA targets miR30b, further upregulating p53 levels, which induces apoptosis and death of HCC cells (Ren et al., 2017). Studies have found that tan I and UA target miR135a-3p/DR5 (prostate cancer), miR-21 (glioma), and let7b (malignant mesothelioma), which mediates the activation of caspase 3, thereby inducing tumor cell apoptosis and proliferation (Wang et al., 2012; Shin et al., 2014; Sohn et al., 2016). It has been reported that UA increases the level of miR-4500, which suppresses the expression of p-STAT3 and cleaved PARP, thereby inducing CRC cell apoptosis and inhibiting CRC growth (Kim et al., 2018).
Targeting microRNAs to inhibit migration and invasion
Studies have found that miRNAs play an important role in tumor invasion and metastasis by affecting indicated targets and pathways (Wang and Chen 2019). Numerous studies have demonstrated that S. miltiorrhiza bioactive compounds regulate the levels of miRNAs, thereby inhibiting metastasis and invasion of tumor cells. LUT upregulates miR-203/Ras/Raf/MEK/ERK, which upregulates E-cadherin and downregulates N-cadherin, thereby inhibiting the progression of EMT and preventing tumor cell invasion and metastasis of breast cancer (Gao et al., 2019). Furthermore, LUT upregulates miR-384 and subsequently downregulates the expression of multivitamin trophic factor (PTN), which inhibits CRC and osteosarcoma (OS) cell migration and invasion (Yao et al., 2019; Qin et al., 2022). In addition, LUT inhibits migration- and invasion-related factors, including VEGF, MMP2, and MMP9, by upregulating miR-133a-3p levels, thereby suppressing invasion and metastasis of NSCLC (Pan et al., 2022). In addition, UA targets let 7b, which inhibits the expression of p-Akt, β-catenin, and Twist, thereby repressing the EMT process (Sohn et al., 2016).
In summary, S. miltiorrhiza bioactive compounds inhibit tumor cell proliferation, migration, and invasion as well as induce apoptosis by regulating the expression of miRNAs, thereby exerting antitumor effects (Table 1).
TABLE 1 | Regulation of microRNAs by S. miltiorrhiza bioactive compounds in cancer progression inhibition.
[image: Table 1]REGULATION OF EPIGENETIC ENZYMES
Epigenetic mechanisms refer to heritable changes in gene expression without altering the DNA sequence, and they include DNA methylation, chromatin remodeling, histone modifications, and non-coding RNAs (Kanwal et al., 2015; Huang et al., 2021b). Abnormal epigenetic alterations are often involved in tumor initiation, progression, and metastasis (Esteller 2008). S. miltiorrhiza bioactive compounds have been reported to inhibit tumorigenesis and progression by modulating indicated epigenetic mechanisms, including DNA methylation, histone acetylation, ubiquitination, and DNA topoisomerase (Tian et al., 2018; Bhattacharjee and Dashwood 2020). For example, DHT promotes Keap1-mediated degradation of nuclear factor erythroid 2-related factor 2 (Nrf2) ubiquitination, and it increases the accumulation of ROS, which in turn downregulates Bcl-2, cyclin B1, and Cdc2 levels as well as upregulates Bax levels in ovarian cancer cells in vivo and in vitro (Sun et al., 2022).
DNA methylation
In normal cells, DNA methylation occurs mainly in repetitive genomic regions and is responsible for silencing gene expression and maintaining genome stability (Sandoval et al., 2011). However, special DNA regions, such as promoters, especially CpG islands (CpGs), are often unmethylated (Bird 1986). Hypomethylation in tumor cells is mainly due to methylation deficiency in repetitive genomic regions, leading to genomic instability and activation of transposon promoters, whereas hypermethylation is the ab initio methylation of CpGs, which can lead to transcriptional silencing of growth regulatory genes (Lakshminarasimhan and Liang 2016). Cancer cells display genome-wide hypomethylation and site-specific CpG promoter hypermethylation (Rodríguez-Paredes and Esteller 2011). Abnormal increased DNA methylation leads to transcriptional repression and decreased gene expression (Pan et al., 2018). Studies have reported that S. miltiorrhiza bioactive compounds regulate the level of methylation in tumor cells and inhibit tumor development (Kim et al., 2016; Li et al., 2022). For example, tan IIA, LUT, and UA target the abnormal hypermethylation at the CpG methylation region in the Nrf2 promoter by reducing the expression of DNA methyltransferases (DNMTs), including DNMT1, DNMT3a, and DNMT3b, thereby inhibiting cell proliferation of skin and colon cancers (Wang et al., 2014; Kim et al., 2016; Zuo et al., 2018). Moreover, it has been reported that the inhibition of NRF2 promoter methylation is mediated by tan IIA via ten-eleven translocation (TET)-2 activation (Yang et al., 2020). In addition, OA decreases the promoter DNA demethylation of programmed death-ligand 1 (PD-L1) by inhibiting the expression of TET-3, which downregulates PD-L1, ultimately enhancing T cell-mediated killing of MKN-45 cells (Lu et al., 2021). Moreover, it has been reported that Sal B induces DNMT1-mediated demethylation of the PTCH1 gene, which in turn inhibits hepatic stellate cell (HSC) EMT in vivo and in vitro (Yu et al., 2015).
Histone methylation
Histone methylation is a major player in the regulation of gene expression and genetic stability, and dysfunction of histone methylation contributes to the development of various cancers (Rotili and Mai 2011). Methylation occurs primarily on lysine or arginine residues of histones H3 and H4, which is controlled by histone methyltransferases (HMTs) and histone demethylases (HDMs) (Janardhan et al., 2018). Polycomb repressive complex 2 (PRC2) is a complex that mediates gene silencing by regulating chromatin structure (Chan and Morey 2019). Enhancer of zeste homolog 2 (EZH2), a polycomb group (PcG) protein, is an enzymatic catalytic subunit of PRC2 that regulates gene expression through catalyzing primarily tri-methylation of histone H3 Lys-27 (H3K27), and it functions in the development and progression of a variety of cancers, such as breast cancer (Bachmann et al., 2006), GC (Gan et al., 2018), and NPC (Duan et al., 2020). It has been reported that tanshindiol C inhibits EZH2 activity, which in turn downregulates H3K27me3 levels, thereby inhibiting the proliferation of the Pfeiffer cell line, a type of B cell lymphoma (Woo et al., 2014). Furthermore, tan I directly binds to EZH2, which inhibits PRC2 activity, resulting in a decrease in tri-methylated modification of H3K27, and this decrease, in turn, upregulates MMP9 and ABCG2, ultimately inhibiting the proliferation of human leukemia cells in vitro and in vitro (Huang et al., 2021). Moreover, tan I reduces the expression of CCAAT-enhancer-binding protein β (C/EBPβ), which inhibits the mRNA levels of the JMJD2b histone H3K9 demethylase as well as cell cycle-related genes, further regulating the mitotic clonal expansion (MCE) process (Jung et al., 2020). Lysine specific demethylase 1 (LSD1) is a flavin adenine dinucleotide (FAD)-dependent amine oxidase (AO) that catalyzes the demethylation of mono- and di-methyl on H3K4 and H3K9, triggering transcriptional repression and activation, respectively (Karakaidos et al., 2019). Studies have demonstrated that CPT blocks the interaction of LSD1 and androgen receptor (AR) at the promoter of the AR target gene, prostate-specific antigen (PSA), which demethylates H3K9me1/2, thereby inhibiting the transcriptional activity of PSA and suppressing the proliferation of AR-positive prostate cancer cells (Wu et al., 2012). Moreover, tan IIA upregulates the level of H3K27me1 and H3K4m2 on the TP53 promoter by inhibiting LSD1, thereby activating the transcriptional activity of p53 (Zheng et al., 2018). It has been reported that the mRNA and protein levels of p53 are downregulated in several types of tumors, such as prostate cancer and colon cancer (Bossi and Sacchi 2007). Therefore, reactivating p53 is an important strategy for tumor therapy. Taken together, these findings suggest that tan IIA may increase the level of H3K27me1 and H3K4m2 on the p53 promoter by targeting LSD1, which activates p53, thereby promoting tumor cell cycle arrest and apoptosis.
Histone acetylation
Histone acetylation is a reversible and homeostatic process regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Attoub et al., 2011). Studies have reported abnormal acetylation levels in certain tumors (Zhao and Shilatifard 2019). Histone lysine residues are hyperacetylated in drug-resistant prostate cancer, acute myeloid leukemia, gastrointestinal stromal tumors, lymphomas, and TNBC (He et al., 2021), whereas acetylation levels are decreased in ovarian cancer, colon cancer, liver cancer, and skin cancer (Wu et al., 2020). Overexpression of HDAC is present in tumors with low acetylation levels, indicating that targeting HDAC may be a strategy for treatment of these tumors (Li and Seto 2016). To date, numerous HDAC inhibitors are in various stages of clinical research; vorinostat (SAHA), beristatin (PXD101), and bilestat (LBH589) are approved for the clinical treatment of cutaneous T cell lymphoma, peripheral T cell lymphoma and multiple myeloma, respectively (Ho et al., 2020), and other HDAC inhibitors have been investigated in clinical trials for the treatment of various cancers (Ono et al., 2018; Xie et al., 2018). S. miltiorrhiza bioactive compounds have been found to target histone deacetyltransferases (HDACs) and identified as potential inhibitors of HDACs. Tan IIA suppresses the expression and enzymatic activity of HDAC1, HDAC3, HDAC4, and HDAC8, which increases histone 3 acetylation and RNA polymerase II recruitment to the Nrf2 transcription start site, thereby inhibiting TPA-induced JB6 P+ cell neoplastic transformation (Wang et al., 2014). In contrast, LUT increases the enrichment of H3K27ac in the promoter region of Nrf2 by downregulating HDAC1, HDAC2, HDAC3, HDAC6, and HDAC7 expression and enzymatic activity, further promoting the transcriptional activity of the Nrf2 gene, which in turn inhibits the cellular activity of HCT116 (Zuo et al., 2018).
The level of acetylation is closely related to tumor stage, metastasis, and invasion as well as prognosis (He et al., 2021). Aurora A is a mitotic S/T kinase involved in the process of cell division, and the expression of aurora A is elevated in various tumors (Meraldi et al., 2004). Tan I reduces the level of histone acetylation at the aurora A DNA promoter region, which downregulates aurora A and ultimately inhibits the growth of breast cancer cells (Gong et al., 2012). Furthermore, LUT reduces the level of H3K27ac and H3K56ac at the MMP9 promoter region by inactivating the Akt/mTOR signaling pathway, thereby inhibiting metastasis of AR-positive TNBC (Wu et al., 2021).
Ubiquitination
Ubiquitination is an important post-translational modification mediated by ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3) (Cockram et al., 2021). Abnormal ubiquitination alters intracellular physiological functions, leading to the initiation and development of cancer (Pellegrino et al., 2022). For example, overexpression of the E3 ligase, mouse double minute 2 (MDM2), mediates ubiquitination of p53 and promotes proteasomal degradation of p53, which inhibits p53 function, leading to tumorigenesis and cancer cell progression (Wang et al., 2017). It has been reported that tan IIA induces ubiquitous degradation of the anti-apoptotic protein, Mcl-1, through targeting the EGFR-Akt signaling pathway, which induces NSCC cell apoptosis (Gao et al., 2020). Tan IIA promotes the FBW7 E3 ligase-mediated ubiquitination degradation of c-Myc, which induces OSCC cell apoptosis (Chen et al., 2020a; Li et al., 2020). Moreover, tan I and DHT activate the Nrf2 pathway by reducing Nrf2 ubiquitination, thereby maintaining redox homeostasis of skin fibroblasts and HBE cells (Tao et al., 2013a; Tao et al., 2013).
In summary, S. miltiorrhiza bioactive compounds suppress tumor growth and development by regulating DNA methylation, histone methylation, acetylation, and ubiquitination to silence tumor suppressors or promote oncogenes (Figure 4).
[image: Figure 4]FIGURE 4 | The bioactive compounds of S. miltiorrhiza regulate epigenetic modifications. S. miltiorrhiza bioactive compounds suppress the transcriptional activity and enzymatic activity of their target genes by regulating epigenetic modification-related enzymes.
FUTURE PROSPECTS
Currently, chemotherapy and radiotherapy are the main methods for the clinical treatment of tumors, but these methods have serious shortcomings, such as resistance and toxic side effects. Thus, combination therapy may be important to improve tumor sensitivity. We previously demonstrated that the bioactive compounds of S. miltiorrhiza inhibit cancer cell proliferation, induce apoptosis, suppress metastasis, and suppress invasion. Thus, we speculate that S. miltiorrhiza bioactive compounds may be used as adjuvant drugs to improve the sensitivity of drug-resistant tumors.
At present, drug resistance is one of the major barriers to cancer treatment, which limits the efficacy of chemotherapy drugs, leading to tumor recurrence, metastasis, and cell death resistance (Haider et al., 2020). Doxorubicin (Dox) and paclitaxel are first-line treatments for patients with metastatic and early-stage breast cancer (Abu Samaan, Samec et al., 2019; Jamialahmadi et al., 2021). However, it has been reported that patients develop resistance to these drugs during the treatment of breast cancer, greatly affecting the efficacy of the drugs (Rivera and Gomez 2010). Moreover, platinum drugs, such as cisplatin and oxaliplatin (OXA), induce DNA damage in tumor cells; they are mainly used in the treatment of ovarian cancer, but their efficacy is severely limited due to drug resistance (Pujade-Lauraine et al., 2019). Studies have found that the bioactive compounds of S. miltiorrhiza have potential roles in reversing resistance and enhancing chemotherapeutic drug sensitivity. For example, tan IIA increases the sensitivity of OXA-resistant CRC cells to OXA by regulating the Akt/ERK signaling pathway, thereby enhancing the anti-proliferation effect and inducing apoptosis in SW480/OXA and HT29/OXA cells (Zhang et al., 2019b). Furthermore, CPT/DHT reduces the P-glycoprotein (P-gp) mRNA and protein levels as well as inhibits P-gp ATPase activity of SW620 Ad300 cells (Hu et al., 2014). Moreover, tan IIA reduces the accumulation of β-catenin in the nucleus by repressing β-catenin nuclear translocation, which enhances Dox inhibition of MCF-7/Dox cell proliferation and migration (Li et al., 2021). Adenosine triphosphate (ATP)-binding cassette (ABC) transporters, such as P-gp, breast cancer resistance protein (BCRP), and multidrug resistance-related protein 1 (MRP1), catalyze the transduction of structurally diverse compounds across cell membranes via ATP-dependent transport (Zahra et al., 2020). Because ABC transporters are overexpressed in tumor cells, they pump out the chemotherapeutic drugs, thereby inducing tumor cells to acquire drug resistance (Choi and Yu 2014). It has been reported that tan IIA downregulates the expression of P-gp, BCRP, and MRP1, further promoting intracellular accumulation of Dox, which induces apoptosis and suppresses proliferation of MCF7/Dox cells, thereby alleviating the inhibitory effect of Dox on the hematopoietic function and Dox-induced cardiotoxicity and nephrotoxicity (Li et al., 2019).
S. miltiorrhiza bioactive compounds not only increase the sensitivity of drug-resistant cells to chemotherapeutic drugs but also synergistically inhibit tumor development. Bai et al. reported that tan IIA combined with 5-FU represses the activation of NF-κB and inhibits CRC cell proliferation (Bai et al., 2016). Furthermore, tan IIA and Dox cotreatment decreases the activity of the VEGF/PI3K/Akt signaling pathway, which promotes apoptosis and induces cell cycle arrest, thereby suppressing proliferation, metastasis, and invasion of A549 cells (Xie et al., 2016). Moreover, tan I and paclitaxel cooperate to promote apoptosis and accelerate cell senescence, thereby inhibiting proliferation and metastasis of ovarian cancer cells (A2780 and ID-8 cells) (Zhou et al., 2020). In addition, the combination of LUT and OXA induces apoptosis and cell cycle arrest as well as inhibits proliferation of SGC-7901 gastric cancer cells (Ren et al., 2020).
Radiotherapy is an effective method of cancer treatment, but the resistance and side effects of radiation therapy affect its efficacy. Therefore, sensitizers that kill tumor cells improve the efficacy of radiotherapy (Chevalier 2020). Tan IIA combined with irradiation reduces histone H3 (S10) phosphorylation in ionizing radiation-resistant cell lines (CAL27-IR and SCC25-IR cells), and this combination enhances irradiation-induced DNA damage and promotes apoptosis, thereby inhibiting tumor growth in vivo and in vitro (Li et al., 2021). Moreover, tan IIA increases radiation-induced ROS production and induces autophagy, which in turn increases the sensitivity of OSCC cells (SCC090 cells) to radiation (Ding et al., 2016). Pro-oncogenic protein phosphoribosyl pyrophosphate aminotransferase is an essential enzyme that catalyzes the first step in purine biosynthesis and promotes the increase in purine metabolism in cancer cells, and its overexpression promotes cancer cell proliferation and invasion. Tan I downregulates the expression of PPAT, which in turn enhances the radiosensitivity of radiation-resistant lung cancer cells (H358-IR and H157-IR cells), thereby inhibiting cell proliferation (Yan et al., 2018).
In summary, the bioactive compounds of S. miltiorrhiza target miRNAs and epigenetic enzymes as well as function to inhibit cancer cell proliferation, induce cell cycle arrest, induce apoptosis, trigger autophagy, suppress metastasis, and suppress invasion (Figure 5). Moreover, S. miltiorrhiza bioactive compounds have multiple roles as adjuvant drugs in chemotherapy and radiotherapy as follows: 1) improve the sensitivity of drug-resistant cells to chemotherapeutic drugs; 2) work together with chemotherapeutic drugs to enhance the therapeutic effect; and 3) combine with radiotherapy to improve the effect of radiotherapy (Table 2). Thus, S. miltiorrhiza bioactive compounds have an antitumor effect and potential application prospects in tumor treatment and adjuvant medicine. In addition, one critical mechanism of S. miltiorrhiza bioactive compounds in suppressing cancer initiation and progression is through targeting miRNAs, including miR-125b, miRNA-122, and miRNA-384, which are present in various cancer cells, suggesting that these miRNAs may play important roles in cancer progression. The pharmacological activity and mechanism of S. miltiorrhiza bioactive compounds are continually being elucidated, thereby supporting their potential application in future clinical cancer therapies.
[image: Figure 5]FIGURE 5 | Pharmacological activities of S. miltiorrhiza bioactive compounds resulting in antitumor effects.
TABLE 2 | Effect of S. miltiorrhiza bioactive compounds combined with chemotherapy and radiotherapy.
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Currently, more than 60% of the approved anti-cancer drugs come from or are related to natural products. Natural products and exosomal non-coding RNAs (ncRNAs) exert anti-cancer effects through various regulatory mechanisms, which are of great research significance. Exosomes are a form of intercellular communication and contain ncRNAs that can act as intercellular signaling molecules involved in the metabolism of tumor cells. This review exemplifies some examples of natural products whose active ingredients can play a role in cancer prevention and treatment by regulating exosomal ncRNAs, with the aim of illustrating the mechanism of action of exosomal ncRNAs in cancer prevention and treatment. Meanwhile, the application of exosomes as natural drug delivery systems and predictive disease biomarkers in cancer prevention and treatment is introduced, providing research ideas for the development of novel anti-tumor drugs.
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Introduction

Cancer has become a major disease that threatens human health and safety. The American Cancer Society (ACS) released the Cancer Statistics 2022 report stating that prostate, breast, lung, and colorectal cancers are the most prevalent cancers. However, the number of cancer deaths in the U.S. dropped 32% compared to 1991 (1), and the use of innovative drugs has directly impacted the survival rate of cancer patients (1–3).

Natural products include components and metabolites of plants, animals, insects, marine organisms and microorganisms (4), and many endogenous chemicals in humans and animals can also be used as natural products (5, 6). Many of them have been shown to have the ability of anti-inflammatory, anti-cancer, antioxidant, antibacterial and antiviral (7). Moreover, there exist studies showing that the natural products can promote the apoptosis, inhibit the migration and proliferation to exert anti-cancer effects (4). And the natural products have the advantages of easy to apply, low cost, easy to obtain and acceptable therapeutic method with minimal cytotoxicity (8). Therefore, it is of great significance to study the therapeutic effect of natural products on cancer.

Exosomes are endogenous components of organisms released by a variety of cells that contain ncRNAs that are genetically linked and involved in cancer development and progression (9, 10). Moreover, it can serve as a delivery system to deliver a variety of stuff such as drugs to cells (11). Nowadays, there are a growing number of researches detailing the mechanism of action of natural products through the regulation of exosomal ncRNAs to produce anticancer efficacy (12). In this review, the pharmacological effects of natural products and the anti-tumor mechanism of exosomal ncRNAs induced by natural products are clarified.



Pharmacological effects of natural products against cancer

Research on natural products began in the 1990s. In recent years, with the development of scientific research technology, countries are paying more and more attention to the research and development of new natural products, and the research and development of natural products has shown a rapid growth trend (13). According to relevant information, natural products research hotspots focus on plants, animals and microorganisms on land and in the sea, involving a variety of components including proteins, peptides, amino acids, alkaloids and antibiotics (14, 15).

Natural products have a wide range of promising applications in the field of antitumor research. Traditional antitumor drugs act by affecting DNA synthesis and cell mitosis. Therefore, compared with natural antitumor drugs, traditional antitumor drugs have higher toxicity and side effects and are less selective (16). The development of natural antitumor drugs has not only ensured the efficacy of resulting in many innovative drugs with higher targeting for clinical practice (17).

For cancer treatment, drugs that directly inhibit the growth of tumor cells or promote their apoptosis are the most direct ways to fight cancer. Natural products can kill tumor cells through targeted aggregation, and also take advantage of qualitative differences between tumor cells and normal cells and molecular biological differences to target tumors, thereby inhibiting tumor cell proliferation (18). The biological processes involved in this process include signal transduction, cell fusion, and multiple types of metabolic pathways. In addition, natural products can reduce platelet aggregation, prevent cancer cell retention and inhibit cancer cell metastasis (19). It has been reported that the natural products may improve the local hypoxia of solid tumors by affecting microcirculation and increasing vascular permeability, which improves the sensitivity of treatment (20). Besides, natural products can produce some series of biological effects to exert anti-cancer pharmacological effects, such as promoting active ingredients, immune cells and cytotoxins to reach the tumor site (21). Studies have shown that natural products improve cellular immune function by increasing the body’s complement level, and reduce treatment-induced tissue fibrosis by inhibiting the formation of rough fibroblasts. Natural products can regulate the immune status of the body by promoting the phagocytosis of the reticuloendothelial system and enhance the resistance of the body to external malignant stimuli (22, 23).

Moreover, the natural products can also help to improve the drug resistance of tumors. Methods to reduce drug resistance of tumor cells are also the current focus of researchers (24). Cellular drug resistance is caused by the increase of target enzymes or the change of the affinity of target enzymes to anticancer drugs during the treatment of anticancer drugs, resulting in weakened drug activity, accelerated drug inactivation and rapid DNA repair, which affect the absorption or excretion of anticancer drugs (25). Research approaches reported in recent years to address drug resistance in tumor cells include combining anti-cancer drugs, eliminating the reversibility of anti-cancer drugs for cancer treatment, and affecting the tumor microenvironment (TME) (26–28). In addition, drug combination application and personalized medication guidance are also significant to eliminate tumor drug resistance (29, 30). Natural products may also enhance the effects of radiotherapy through mechanisms such as enhancing hormonal regulation, promoting pituitary-adrenocortical function, and increasing the relative value of cyclic adenosine monophosphate (31).



Exosomes ncRNAs regulate cancer progression

Exosomes are tiny vesicles secreted by functionally normal or abnormal cells in the form of outgrowths and are a means of communication between cells. There are many substances included in the exosomes, such as the DNA, miRNA, lncRNA and proteins (32). Exosomes have a lipid bilayer structure and their production is regulated by multiple mechanisms involving the intra- and extracellular and microenvironment. Researchers have detected the presence of exosomes in various body fluids such as blood, saliva and urine. The characteristic structural proteins of exosomes, CD9, CD63, CD81, TSG101 and HSP70, are involved in the structural composition of exosomes. In addition, annexin, RAB protein family and flocculins are involved in biosynthesis and fusion (33, 34). The production process of exosomes is: the cell membrane is invaginated and the endosomes are formed then forming multivesicular bodies (MVB), and finally secreted to the outside of the cell to become exosomes (11). The structure and secretion mode of exosomes are shown in Figure 1. The contents of exosomes are different due to their different functions, and the origin of exosomes can be identified according to their contents (35). Exosomes are enriched with a variety of ncRNAs with biological functions, including lncRNAs, circRNAs, snRNAs, miRNAs, etc., which are important for the treatment of diseases. With the development of biology and other research fields, genomic ncRNAs are receiving more and more attention (36). A PubMed search shows a large number of scientific studies involving ncRNAs in the last decade, as shown in Figure 2. NcRNAs are RNA molecules that are transcribed from DNA, but not translated into proteins. NcRNAs used to be thought to be nonfunctional, but in recent years, functional ncRNAs have played important roles in higher order chromosome dynamics, embryonic stem cell differentiation, telomere biology, and subcellular structure. The potential properties of ncRNAs as a diagnostic and healing biomarker or therapeutic target for cancer have also been extensively studied (37).




Figure 1 | The structure and secretion mode of exosomes.






Figure 2 | Number of articles related to ncRNAs.



Tumor cells secrete exosomal ncRNAs that form RNA-induced gene silencing complexes (RISCs), which effectively silence mRNAs at high rates in recipient cells and reprogram the transcriptome (38). Among the exosome-encapsulated ncRNAs, miRNAs is a universal non-coding single-stranded RNA that controls post-transcriptional gene expression by binding to complementary sequences in the 3 ‘untranslated region (UTR) of the target messenger RNA (mRNA) (39). Specific miRNAs expression and interference can be used to study the role of miRNAs in cancer development and progression (40). MiRNAs is closely related to cell development, proliferation, apoptosis, aging, carcinogenesis, lipid metabolism and viral infection (41). During tumor formation, overexpressed miRNAs can act as oncogenes, and conversely, low-expressed miRNAs are considered as tumor suppressor genes. It is worth mentioning that miRNAs are not randomly present among exosomes, but are directed to specific exosomes by a specific sorting mechanism dominated by parental cells. Therefore, there is a significant difference in exosomal miRNAs expression between normal and tumor tissues during cancer diagnosis, making miRNAs specific biomarkers designed for application in targeted cancer therapy (42). Exosomal lncRNAs can also serve as biomarkers of tumors to provide help for tumor therapy. Exosomal AFAP1-AS1 could induce trastuzumab resistance by binding to AUF1 and promoting ERBB2 translation. Therefore the level of AFAP1-AS1 may be used to predict trastuzumab resistance and breast cancer treatment (43). Consequently, the study of ncRNAs in tumor cell exosomes is of great significance for the diagnosis and treatment of tumors.



Natural drugs regulate tumor genesis and development by regulating exosomal ncRNAs

Tumor development is inseparable from the TME (44, 45). Altering the TME and inhibiting angiogenesis directly affects the migration and invasion of tumor cells (46, 47). In addition, tumor cells are often accompanied by abnormal mechanisms of apoptosis, and selective induction of apoptosis using modern research techniques is also a fundamental strategy for cancer treatment. Exosomal ncRNAs, as outstanding antitumor factors, have been well documented to interfere with cancer progression and many other aspects (48). Table 1 lists detailed examples of natural products that regulate exosomal ncRNAs to influence cancer progression.


Table 1 | Detailed example of natural products affecting tumor exosomal ncRNAs.




Natural drugs improve the TME by regulating exosomal ncRNAs

Tumor cells and their microenvironment are a functional whole and both interact with each other to promote tumorigenesis (71). TME plays an important role in tumor growth, metabolism and metastasis, and even influences the therapeutic effect of anti-cancer drugs (72). In recent years, an increasing number of natural products exert anti-cancer effects by interfering with the TME, as shown in detail in Figure 3.




Figure 3 | Natural drugs improve the TME by regulating exosomal ncRNAs.



Cancer-associated fibroblasts (CAFs) are considered to be one of the key stromal cells of tumors. It has been reported that Matrine inhibit CRC tumorigenesis by blocking the release of CAFs exosome circSLC7A6, and chemokine receptor CXCR5 is a key effector of circSLC7A6 in regulating tumor formation (49).

In vitro experiments showed that Indian currant extract (Emblica officinalis, AE) upregulated miR-375 and adhesion protein e-cadherin, and downregulated insulin-like growth factor 1 receptor (IGF1R) and epithelial mesenchymal transition (EMT) factor SNAIL1. AE targets IGF1R and SNAIL1 by activating miR-375 in osteoblasts (50).

Activation of hepatic stellate cells (HSC) is an important driver of liver fibrosis and is closely associated with the formation of hepatocellular carcinoma. Exosomes from natural killer (NK) cells attenuate TGF-β 1-induced stellate cell activation. The secondary metabolite rapamycin, secreted by Streptomyces soil, inhibits miR-223 expression in natural killer exosomes (NK-EXO) (51).

Tumor-associated macrophages (TAM) play an important role in the TME. In particular, NF-κB expression affects M2 macrophages and promotes tumor progression. Tumor-derived exosomes can regulate the TME by transferring miRNAs to immune cells. Gallate (EGCG) upregulates exosomal miR-16 secreted by tumor cells, prevents its metastasis to TAM, and inhibits TAM infiltration and M2 polarization (52).

Basal-like ductal carcinoma in situ (DCIS) contains cancer stem cell-like cells (CSCs) with a high migration potential. Sulforaphane targets DCIS stem cell-like cells, decreases aldehyde dehydrogenase 1 (ALDH1) expression, and reduces mammary and progenitor cell colony formation. Differentially expressed miR-140 in exosomes secreted by DCIS affects signal transduction in nearby breast cancer cells (53).

Docetaxel increased the expression of miR-9-5p, miR-195-5p, and miR-203A-3p in circulating extracellular vesicles (EVs), decreased ONECUT2 expression, and increased the levels of related genes in xenograft mammary tumor-bearing mice (53). It has also been reported that resveratrol-mediated exosomal lncRNAs SNHG29 inhibit HCC progression by suppressing autophagy and Wnt/β-catenin pathway activation (54).



Natural drugs regulate exosomal ncRNAs to inhibit angiogenesis

Angiogenesis is critical to the development of cancer and is the primary means of nutrient acquisition for tumors. Without vascular supply, tumors will not exceed 2 mm in diameter, which is the result of poor metabolism caused by inadequate nutrient and oxygen supply (46). Research has demonstrated that inhibition of angiogenesis can inhibit tumor growth and metastasis (73). Thus angiogenesis has emerged as a target for cancer therapy (74).

Xiong et al. proposed the effects of ginsenoside RG-1 and astragaloside on angiogenesis. Among them, ginsenoside RG-1 has the property of mediating miRNA-126-5P, miRNA-146A-5P, miRNA-210 and miRNA-214-5P to regulate endothelial angiogenesis (55), while Astragaloside IV increased human endothelial progenitor cells (EPC) secretion of exosomal miRNA-126-3p and miRNA-126-5p expression and promote angiogenesis (57).

Docosahexaenoic acid (DHA, ω 3:22-6) is a known omega-3 fatty acid derived from animal (e.g., fish oil) and plant sources (e.g., flaxseed oil) that plays an important role in influencing angiogenesis. DHA treatment of cells increased the expression levels of tumor suppressors’ miR-101, miR-199 and miR-342 and decreased the expression levels of miR-382 and miR-21. The secretion of exosomes was significantly reduced by DHA treatment under either normal or hypoxic conditions (75). The exosomal let-7a, miR -23b, miR -27a/b, miR -21, let-7 and miR -320b have anti-cancer or anti-angiogenic activity. DHA inhibits angiogenesis by altering exosome secretion and miRNA content in breast cancer cell lines (MDA-MB-231, ZR751 and BT20). After DHA treatment of MCF7 cells, their exosomes were applied directly to endothelial cell culture, and the expression of exosomal miRNAs in endothelial cells was increased (76). DHA treatment has been reported to lead to a significant reduction in VEGF expression and secretion in BC cells. The expression of anti-angiogenic miRNAs (miR-34a, miR-125b, miR-221 and miR-222) was increased and the expression of pro-angiogenic miRNAs (i.e. miR-9, miR-17-5p, miR-19a, miR-126, miR-130a, miR -132, miR-296 and miR-378) was decreased in TDE (DHA+) exosomes of DHA-treated BC cells. DHA reverses the therapeutic efficacy of these miRNAs from promoting angiogenesis to inhibiting angiogenesis by upregulating the content of exosomal miRNAs to achieve the purpose of modifying angiogenesis (56). All the above studies indicate that natural drugs have more complex forms of action, and people need to conduct deeper research on their pharmacological effects in order to achieve targeted treatment of diseases.



Natural drugs regulate exosomes ncRNA to promote tumor cell apoptosis or inhibit proliferation

Inhibition of apoptosis is an important basis for tumorigenesis, which disrupts the balance between cell proliferation and apoptosis in normal tissues (77). Since the body cannot normally carry out the process of cell proliferation and apoptosis, the number of cells continues to increase, resulting in the formation of tumors. For tumors with the same proliferative capacity, the decrease in apoptosis rate also increases the net growth rate of tumor cells (78).

Natural products inhibit tumor cell proliferation by regulating exosomal ncRNAs as shown in detail in Figure 4. The active ingredient d Rhamnose β-hederin (DRβ-H) showed anti-proliferative and pro-apoptotic activities in human breast cancer cells (McF-7/S), and DRβ-H inhibited the growth of human breast cancer cells by suppressing the secretion of exosomal miR-130a and miR-425 (58).




Figure 4 | Natural drugs regulate exosomal ncRNAs to promote tumor cell apoptosis or inhibit.



Shikonin is a naphthoquinone isolated from the traditional Chinese medicine Lithospermum, inhibits the proliferation of McF-7 breast cancer cells by reducing the tumor-derived exosomal miR-128, which has the property of negatively regulating Bax levels in McF-7 receptor cells (59).

Lipopolysaccharide (LPS) is an abundant component of the gut microbiota and has now been shown to be involved in CRC progression and metastasis by regulating exosomal miRNAs composition of CRC origin. In the presence of LPS, exosomal miR-200c-3p negatively regulates the migration and invasive ability of HCT-116 cells and promotes their apoptosis (52).

During the development of hepatocellular carcinoma, circulating H19 promotes proliferation, migration and invasion and inhibits apoptosis in isoproterenol-treated hepatocellular carcinoma cells by sponging miR-520a-3p upregulating LIMK1 (61). Tanshinone IIA also upregulated the expression level of miR-656-3p in the exosomes of CAFs and inhibited the proliferation and invasion of laryngeal cancer cells (62).

We know that chronic inflammation can induce a range of inflammatory diseases, including malignancies (79). A review of the literature revealed that natural products affect the inflammatory response by regulating exosomal ncRNAs. For example, olive oil polyphenol hydroxytyrosol (HT) significantly abolished the expression of miR-155-5p, miR-34a-5p and let-7c-5p in cells and exosomes and inhibited NF-κB activation and reactive oxygen species production. HT inhibited macrophage aggregation and improved chronic inflammatory inflammation in adipose tissue. MiR-155 was found to be an important factor in hepatocyte and macrophage in autophagy and exosome production of alcohol-related mediators (63).

Nowadays, the extensively studied natural fluorescent anthracycline antibiotic Adriamycin is a broad-spectrum antitumor antibiotic produced by the actinomycete Caesius. Increased expression of long-stranded ncRNA H19 in adriamycin-resistant breast cancer cells compared to the corresponding parental cells reduced cell viability and colony formation capacity and induced apoptosis. Another study pointed out that exosomal H19 promotes proliferation and invasion of breast cancer using miR-152/DNMT1 axis, providing a new mechanism for breast cancer development (70, 80).

Altogether, extensive evidence suggests that the pro-apoptotic and anti-proliferative properties of natural drugs are at least partially derived from exosomal ncRNAs.



Natural drugs regulate exosomal ncRNAs to regulate drug resistance in tumor cells

Compared to normal patients, cancer patients secrete different levels of ncRNAs, which are ideal biomarkers for predicting early disease progression and drug resistance in cancer (81). Researchers have found that many ncRNAs expression profiles associated with drug resistance in tumor cells are concentrated in exosomes, and that exosomal ncRNAs can alter chemosensitivity, in part due to the successful transfer of multidrug resistance (MDR)-specific miRNAs between cells (82).

Docetaxel (DTX) is a semisynthetic product of precursors extracted from the needles of redbud (t. b accata L. Taxus). It has been reported that breast cancer cells resistant to DTX can pass on drug resistance by transferring specific miRNAs contained in exosomes to alter gene expression in sensitive cells (83). Exosomal miR-200c secreted by normal tongue epithelial cells (NTECs) is transported to HSC-3DR, making HSC-3DR more sensitive to DTX by binding TUBB3 and PPP2R1B. MiR-200c regulates HSC-3DR sensitivity to DTX by targeting TUBB3 and PPP2R1B. The researchers concluded that exosome-mediated miR-200c delivery may be an effective and promising strategy for the treatment of tongue squamous cell chemoresistance (84). In ovarian cancer, miR-200c sensitizes tumor cells to paclitaxel by binding TUBB3. Overexpression of miR-200c reversed cell resistance to DTX-mediated migration and invasion (65).In addition, exosomal miRNA-146a from mesenchymal stem cells (MSCs) increased the sensitivity of ovarian cancer cells to DTX and paclitaxel via the lamcc2-mediated PI3K/Akt axis (66). Exosomal CIRC-XIAP promotes DTX resistance of PCa by regulating miR-1182/TPD52 axis, providing a promising therapeutic target for PCa chemotherapy (67). It was also reported that treatment of SCS -27 cells with DTX resulted in a significant increase in the level of exosomal miR-27a expression and inhibition of P53 gene expression, which contributed to the enhancement of chemoresistance in PCa (27).Several abundant miRNAs (miR-16, miR-23a, miR-24, miR-26a and miR-27a) were transported by exosomes secreted by breast cancer cells McF-7. DRβ-H extracted from the traditional Chinese medicinal plant Clematis ganpiniana, was able to reduce the expression of miR-16, miR-23a, miR-24, miR-26a and miR-27a transported by D/exo and reverse the DTX resistance (68).

New studies have shown that exosomal ncRNAs are mediators of intercellular communication between heterogeneous tumor cell populations, and that some exosomal ncRNAs promote tumor cell resistance to natural products during the communication process, and that only inhibition of constant shuttling of ncRNAs can improve tumor cell drug resistance (85). In the treatment of breast cancer, β-elemene mediates MDR-related miR-34a and miR-452 in cells and regulates the expression of target genes PTEN and PGP, reducing chemoresistance transmission through exosomes and reversing drug resistance in breast cancer cells (86). Zeste homolog 2 (EZH2)-enhanced STAT3 binds to the promoter regions of miR-378a-3p and miR-378d, thereby increasing their expression in exosomes. Exosomes produced by BC cells after stimulation with DOX or PTX deliver miR-378a-3p and miR-378d to neighboring cells to activate the WNT and NOTCH stemness pathways and induce drug resistance by targeting Dickkopf 3 (DKK3) and NUMB. Tazemetostat, an EZH2 inhibitor, is an epigenetic drug whose combination with chemotherapeutic agents can reverse chemotherapy-induced resistance (64). Additionally, exosomal SNHG7 activated the phosphatidylinositol 3-kinase (PI3K)/AKT pathway to promote M2 polarization in macrophages via recruiting cullin 4A (CUL4A) to induce ubiquitination and degradation of phosphatase and tensin homolog (PTEN). Silencing of SNHG7 enhances the potency of doxorubicin and inhibits proliferation and autophagy in LUAD cells (84). Perhaps exosome-mediated resistance reversal is one of the mechanisms by which it acts as a vehicle to enhance the efficacy of drugs.



Exosomes of natural origin for cancer prevention and treatment

Exosomes can act as natural products to exert pharmacological activity, that is, to target lesions. In existing studies, there are numerous reports of exosomes carrying ncRNAs that regulate relevant metabolic pathways to influence disease.

Exosomal miR-133b may inhibit tumor growth in vivo through upregulation of dual protein phosphatase 1 (DUSP1). Increased expression of exosomal miR-133b leads to inhibition of bladder cancer cell viability and increased apoptosis (87). MiR-139-5p is a mesenchymal stem cell-derived exosomal ncRNA that inhibits bladder cancer development in vitro and in vivo (88).Exosomal miR-499 not only significantly inhibited endometrial cancer cell proliferation and endothelial cell tube formation in vitro, but also tumor growth and angiogenesis in vivo (89). In addition, in exosomes derived from tumor-associated macrophages, miR-192-5p overexpression effectively inhibited EC progression by regulating EC apoptosis and EMT and inhibiting the IRAK1/NF-κB signaling pathway (90). CAF-secreted exosomal miR-320a was directly transferred to EC cells, inhibiting their proliferation and leading to downregulation of HIF1α and decreased VEGFA expression in vitro (91). For breast, lung, and oral squamous cell carcinomas, the normal cell-secreted exosomal PTENP1 mediates intercellular communication by promoting apoptosis in breast cancer cells as well as inhibiting invasion and migration (92).

Exosome-mediated intercellular communication influences several features of cancer, including regulation of the immune response, reprogramming of stromal cells, remodeling of the structure of the extracellular matrix, and even conferring characteristics of drug resistance to cancer cells (93, 94). Uptake of exophytic vesicles by tumor cells can alter gene expression and reduce cancer-associated phenotypes (95). Similar to animal exosomes, plant exosomal vesicles contain specific lipids, proteins, nucleic acids, and other components, each of which may play a role in the development of disease by performing the corresponding biological functions through specific mechanisms. Similar exosomal nanoparticles isolated from citrus limoncello juice inhibit lipid metabolism, leading to a significant downregulation of acetyl coenzyme a carboxylase 1 (ACACA), thereby inhibiting tumor cell growth in vitro and in vivo (96). Mango Nano Capsules inhibit chronic myeloid leukemia (CML) tumor growth in vivo by specifically reaching the tumor site and activating TRAIL-mediated apoptotic cell processes (97). Berry-derived anthocyanins significantly enhance their proliferative activity against ovarian cancer cell growth and inhibit tumor growth more effectively (98). Natural plant exosomes are rich in miRNAs, and research on miRNAs in common plants is expanding and intensifying. A growing number of studies suggest that exosomal miRNAs may interact with mammalian cancer-related systems as novel bioactive components. Ginger-derived nanoparticles are a novel and effective drug that blocks the assembly and activation of pyrane-structured domain NLRP3 inflammatory vesicles (99). Exosomal MDO-miR7267-3p ameliorates colitis in mice through an il-22-dependent mechanism (100), and regulate AhR expression by inducing miR-375 and VAMP7 to prevent high-fat diet-induced insulin resistance and obesity (101). In addition, ginger-derived nanoparticles also inhibited LPS-induced inflammatory responses through downregulation of NF-κβ, IL-6, IL-8 and TNF-α (102). In conclusion, numerous natural exosomes have been found to be used for cancer prevention and treatment, which provides new ideas for the clinical treatment of cancer.




Exosomes ncRNAs as predictive biomarkers

Exosomes have potential as predictive biomarkers and play an important role in intercellular communication in cancer cells. MiRNAs inhibits translation of oncogenes and is involved in cancer development by regulating cell proliferation and differentiation (103). In some cases, dysregulated exosomal miRNAs can be used as “tumor markers” for disease diagnosis (103, 104). Table 2 shows the expression of exosomal ncRNAs in high-incidence cancers.


Table 2 | Detailed information on exosomal ncRNAs as biomarkers.



The expression of miRNAs in exosomes changed with altered physiological conditions. For example, when DNA damage was induced by the application of bleomycin, RNA molecules with relatively low expression levels (lincRNAs-p21, HOTAIR, ncRNAs-CCND1) were highly enriched in exosomes, reflecting changes in the expression levels of ncRNAs after cells are exposed to the drug (105). For diffuse large B-cell lymphoma, exosomal miR-99a-5p and miR-125b-5p can be used as predictive biomarkers of chemotherapy resistance (106). In contrast, the exosomal miR-483-3p and miR-451a serve as potential biomarkers for monitoring patient response to treatment (107). In lymphoma, exosomal miR-191-5p expression was higher (108). For colorectal cancer, a group of exosomal miRNAs including let-7a, miR-1229, miR-1246, miR-150, miR-21, miR-223 and miR-23a can be used as diagnostic biomarkers for colorectal cancer (110). And the expression level of exosomal miR-25-3p was also significantly correlated with colorectal cancer cell metastasis (111). Exosomal miR-21 is a potential marker for patients with esophageal cancer (69). Similarly, its level in glioblastoma is higher than normal (109). Urinary miR-21-5p and miR-200c-3p can be used as potential non-invasive biomarkers for prostate cancer patients (114). Another group of miR-1290 and miR-375 could be used as prognostic markers for trend resistant prostate cancer (112). Meanwhile, miR-99a-5p was downregulated in prostate tumor tissues (113). In breast cancer patients, urinary exosomal miR-96-5p and miR-183-5p expression levels were higher (115). Plasma-derived exosomal miR-15a-5p has been reported to be a promising biomarker for the diagnosis of endometrial cancer (116), and the expression levels of miR-21 and miR141 in benign tumor exosomes were different from those in ovarian cancer (117). For melanoma cells, increased expression of exosomal miR-494 and downregulated expression of Rab27A inhibited tumor growth and metastasis (118). Besides, the level of exosomal miR-1180-3p was negatively correlated with the proliferation, migration and invasion of melanoma cells, and reduced the high expression of ST3GAL4 in melanoma cells (119). In addition, miR-143 and miR-221 were significantly increased in plasma exosomes of patients with metastatic melanoma (120). In patients with dermatomyositis (DM)-associated interstitial lung disease (ILD) combined with anti-melanoma differentiation-associated protein 5 antibody (MDA5), compared with myositis-specific antibody-negative patients without ILD (DM-nonILD - msa16(-)) and normal human controls (HC), hsa- miR-4488 was significantly upregulated and hsa-miR-1228-5P was upregulated in DM-ILD-MDA5 Ab(+) and downregulated in DM-nonILD-MSA16(-) compared to HC (121). Song et al. reported that urinary exosomal miR-30C-5p overexpression inhibited the progression of renal cell carcinoma (ccRCC). MiR-30c-5p prevented the depletion of heat shock protein 5 and reversed the growth-promoting effect of ccRCC (122). Elevated miR-365 levels in oral squamous cell carcinoma exosomes can be used as a potential biomarker for oral squamous cell carcinoma exosomes and EVs (123). In studies related to gastric cancer, members of the exosomal miR-let-7 family were most abundantly expressed in AZ-P7A cells (124). Others explored the changes in the expression of exosomes miR-328-3p, miR-339-5p, miR-1-3p, miR-151a-3p, miR-184, miR-202-5p, miR-34c-5p, miR-3470a, miR-3470b, and miR-466i-5p in gastric cancer cells (125). Hsa-miR-320d, hsa-miR-320c and hsa-miR-320b are considered potential biomarkers for predicting the efficacy of immunotherapy in advanced NSCLC, and the levels of let-7f, miR-20b and miR-30e-3p are lower in plasma vesicles of NSCLC patients than in normal controls (126), when the T-cell suppressor hsa-miR-125b-5p was downregulated during treatment, patients had increased T-cell function and responded well to immunotherapy (127). Circulating exosomal miRNA-21 and lncRNAs-ATB are new prognostic markers and therapeutic targets for HCC (128). In addition, exosomal circRNAs secreted by adipocytes promoted HCC tumor growth and reduced DNA damage by inhibiting miR-34a and activating the USP7/Cyclin A2 signaling pathway (129).

Exosomes carry a wealth of bioinformatics molecules and are actively involved in mediating a variety of biological functions. A growing number of studies have shown that the use of exosomes as therapeutic targets for cancer can improve the efficiency of cancer treatment. For example, metastasis of exosomal MDR-1/P-GP excreted by prostate cancer cells resulted in docetaxel resistance to DU145, 22Rv1 and LNCap cells. Serum exosomes induced increased cell proliferation and invasion in prostate cancer patients compared to controls (130). Signaling between preadipocytes and breast cancer cells has been found to promote breast tumor formation and metastasis. Exosomes secreted by preadipocytes are an important component of the tumor stem cell ecotone and regulate differentiation and migration in the TME through the critical miR-140/SOX2/SOX9 axis. Targeting exosome-related signaling may help to block tumor progression (131). And cd147-positive exosomes from epithelial ovarian cancer cells promote endothelial angiogenesis in vitro (132). In summary, we speculate that exosomal ncRNAs will develop in two directions in the future: firstly, as a new clinical malignancy marker to help timely detection and diagnosis of cancer, and secondly, as a tumor therapeutic target to help alleviate clinical disease symptoms.



Discussion

Natural products have biomolecules and drug targets that have natural affinities and natural possibilities to participate in various physiological processes in living organisms, which will contribute to the discovery of additional and deeper drug mechanisms.

For tumor treatment, the development of new drug delivery strategies to accurately eliminate cancer cells has become the focus of conquering tumors. At present, the carriers of natural drugs such as curcumin and vogonin in the treatment of cancer include liposomes (133, 134), phospholipid complexes, emulsion systems (135) and metastases (136, 137). However, these drug delivery systems have problems such as low utilization rate and incomplete efficacy. Exosomes have the advantages of low immunogenicity, good biocompatibility, high drug-carrying capacity and long life span, and tumor cell-derived exosomes have great potential as drug carriers for targeting parental tumors (138–143). One investigator used DTX to select effective exosome loads by electroporation to deliver small molecules and siRNAs to tumor sites. (144).

In addition to acting as a vector for drugs to increase efficacy, exosomes themselves can be involved in the diagnosis and treatment of cancer as markers or anti-cancer drugs. In the TME, exosomes selectively wrap ncRNAs and are involved in cell-cell information exchange. Exosomes promote cancer progression and migration through this cell-to-cell communication. For instance, exosome MicroRNA-103 can promote proliferation and invasion of liver cancer cells (145). Numerous studies have shown that abnormalities in the secretion of exosomes occur during the development of cancer, providing a theoretical basis for the use of exosomes in early cancer screening (146). Recent studies have found that exosomes derived from bone marrow MSCs carry ncRNAs that can suppress cancer, including lncRNA PTENP1, which can suppress bladder cancer, and microRNA-551b-3p, which can suppress breast cancer. (147, 148).

Natural products as drugs have advantages such as low toxicity and multiple targets. Drugs found in natural products such as paclitaxel and pergolide have excellent therapeutic effects, but their mechanisms of action are not fully understood, and many natural products and traditional herbs are believed to have good anti-tumor effects. The vast majority of studies have discussed the role of natural products in inhibiting cell migration and value addition during tumorigenesis, and also discussed the role of natural products in tumor microenvironment and immune regulation, but their specific anti-cancer mechanisms have not been elucidated. Natural products are complex in composition and have multiple targets in cancer. Great progress has been made in recent years in the research of anti-tumor mechanisms of various monomeric components, such as curcumin, berberine, resveratrol, etc. The combination of these drugs with clinical anticancer drugs can delay the survival time of patients, reduce chemotherapy drug dosing, reverse drug resistance, and alleviate adverse effects. Relevant technologies regarding new drug development are constantly being improved, the level of drug research is increasing, and potential antitumor natural products are being explored. It is crucial to further elucidate the anticancer pharmacological effects of natural products and to give full play to their anticancer advantages. Exosomal ncRNAs are involved in the physiological and pathological processes of cancer by directly or indirectly regulating the expression of target genes, and play a key role in transcription and translation. The development of targeted anti-cancer drugs using exosomes not only can break the blood-brain barrier, but also avoid immune rejection by the human body (149).

Exosomes have a lipid bilayer structure that protects ncRNAs from degradation by ribonucleases, thus preserving their functional activity and facilitating specimen collection and storage. The enrichment of specific signaling molecules within the exosome membrane is more conducive to detection, as well as deep involvement in tumor events and closer to tumor nature, which is clinically important for achieving minimally invasive detection and early diagnosis and treatment of cancer. Compared to tumor exosome-specific proteins and lipids, exosomal ncRNAs have higher sensitivity and specificity and can be repeatedly sampled for large-scale assays.

Exosomal ncRNAs are a foothold for the development of new cancer diagnostic and therapeutic models, and it is important to identify and isolate exosomes secreted by tumor cells. However, at present, the technology of exosome isolation and purification is not mature enough to ensure the purity and activity of exosomes, and the establishment of a stable method for isolation and storage of exosomes is still an urgent problem. In addition, exosomes are secreted by a variety of cells, and it remains to be studied how to determine their source and the amount of ncRNA in exosomes is limited, and the technique to allow exosomes to precisely reach the tumor site needs to be improved. After literature survey, we found that the regulatory mechanisms of natural products using exosomal ncRNAs against cancer still need to be exhaustively demonstrated, and the specificity of exosomal ncRNAs as molecular markers for cancer diagnosis cannot be determined yet, and it is still difficult to fully resolve their regulatory networks. With the resolution of these unknown issues, the therapeutic application of exosomal ncRNAs in clinical practice for disease treatment will be realized soon.
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Extracellular vesicles are tiny lipid bilayer-enclosed membrane particles, including apoptotic bodies, micro vesicles, and exosomes. Organisms of all life forms can secrete extracellular vesicles into their surrounding environment, which serve as important communication tools between cells and between cells and the environment, and participate in a variety of physiological processes. According to new evidence, plant extracellular vesicles play an important role in the regulation of transboundary molecules with interacting organisms. In addition to carrying signaling molecules (nucleic acids, proteins, metabolic wastes, etc.) to mediate cellular communication, plant cells External vesicles themselves can also function as functional molecules in the cellular microenvironment across cell boundaries. This review introduces the source and extraction of plant extracellular vesicles, and attempts to clarify its anti-tumor mechanism by summarizing the current research on plant extracellular vesicles for disease treatment. We speculate that the continued development of plant extracellular vesicle-based therapeutic and drug delivery platforms will benefit their clinical applications.
Keywords: plant extracellular vesicles, exosomes, anti-tumor, drug delivery, isolation, non-coding RNA
INTRODUCTION
Cancer is a complex disease, that is, facilitated by many factors, including genetic and environmental factors. Unfortunately, the latest cancer statistics show that cancer mortality and morbidity have been increasing, and cancer remains the leading cause of death in every country worldwide (Sung et al., 2021). Chemotherapy, as the main means of clinical treatment, has achieved good results in overcoming the problem of cancer (Galmarini et al., 2012). Chemotherapy, however, does not perfectly target tumors, and often fails to completely eliminate cancer cells, and can even damage more normal cells while killing tumor cells (Behranvand et al., 2022). A new therapeutic material with stability, good target specificity and biosafety is urgently needed (Liang et al., 2021). The combined application of extracellular vesicles and chemotherapeutic agents has brought new light to cancer patients, although they were initially considered cellular debris (Pan and Johnstone, 1983; Li et al., 2022). Extracellular vesicles are bilayer-membrane lipid spheres secreted by various organisms. Exosomes are a subset of extracellular vesicles that can carry biologically active molecules such as nucleic acids, proteins and lipids (Ratajczak et al., 2006; Chen et al., 2019; Doyle and Wang, 2019; Mathieu et al., 2019). Although various types of extracellular vesicles have been identified at the first International Society for Extracellular Vesicles (ISEV) meeting, since most of the examples in this review cannot distinguish their types, this paper uses extracellular vesicles (or exosomes) to refer to them (Witwer and Thery, 2019). In mammalian cells, both normal cells and cancer cells can secrete extracellular vesicles as a tool for cell-to-cell communication (Muralidharan-Chari et al., 2010; Kuriyama et al., 2020; Mittal et al., 2020; Schweiger and Tannous, 2020; Wu et al., 2021), Information transfer through binding of vesicle membrane proteins to receptor membrane proteins and through internalization of vesicle contents by receptor cells (Menard et al., 2018; Ko and Naora, 2020; Vu et al., 2020; Tang et al., 2022). Similarly, plant multi-vesicular bodies secrete exosome-like nanoparticles (An et al., 2007), which, in addition to being involved in the formation of the plant’s own cell wall (Chukhchin et al., 2019) are also involved in plant-microbe interactions (Rutter and Innes, 2018), including plant defense and silencing fungi gene et al. (Regente et al., 2017; Cai et al., 2018; Bleackley et al., 2019; Cai et al., 2019). Transboundary regulation mediated by plant extracellular vesicles is therefore increasingly sought after by researchers. In fact, many experimental teams have successfully isolated these vesicles from plants and used them to overcome cancer as an emerging means of human disease treatment (Raimondo et al., 2015; Potesta et al., 2020; Yang et al., 2020).
SOURCE OF PLANT EXTRACELLULAR VESICLES
In eukaryotic cells, protein secretion is usually divided into two pathways, the conventional protein secretion pathway and the unconventional protein secretion pathway (Chung and Zeng, 2017). Plant extracellular vesicles are produced mainly through unconventional protein secretion, including the alternative Golgi pathway and three pathways mediated by specific organelles: multivesicular bodies (MVB), exosome-positive organelles (EXPO), vacuolar bodies (Tse et al., 2004; Ding and Wang, 2017; Wang et al., 2018). The conventional protein secretion pathway is the transfer of proteins from the lumen of the endoplasmic reticulum (ER) to the Golgi apparatus, and then through the plasma membrane (PM), where they are released into the extracellular environment to secrete proteins. Most secreted proteins transported through the conventional protein secretion pathway have an N-terminal leader sequence, often with post-translational modifications, while the unconventional protein secretion pathway has no leader (Wang et al., 2018). In mammalian cells, EVs play an important role in mediating intercellular communication by delivering biomolecules, including proteins and RNAs, to recipient cells through the extracellular space (Menard et al., 2018). Similar to mammalian cells, there is growing evidence that plants also generate EVs that are involved in various functions. During fungal infection, ARA6 (a plant-specific Rab GTPase)-positive MVBs accumulated in plant cells and co-localized with TET8 (Tetraspanin-8) in the infected area (An et al., 2006). TET8 is structurally similar to the animal cell exosome marker CD63, therefore, TET8-labeled EVs can be regarded as plant exosomes (Kowal et al., 2016; Cai et al., 2019). This process is similar to the fusion of MVBs with the plasma membrane (PM) in animal cells to release extracellular vesicles. In addition, the SNARE (soluble N-ethylmaleimide-sensitive factor-associated protein receptor) protein SYNTAXIN121 (SYP121)/PENETRATION1 (PEN1) was also detected in plant extracellular vesicles (Meyer et al., 2009). These proteins lack typical signal peptides and may rely on unconventional protein secretion pathways to be transported out of cells, such as extracellular vesicles. EXPO is a plant-specific double-membrane structure, distinct from MVB, but also dependent on exocytosis. EXO70E2-labeled EXPO was found to fuse with PM and release internal vesicles outside the cell (Wang et al., 2010). During bacterial pathogen infection, plants initiate fusion of vacuoles with PM, releasing hydrolases and defense proteins to inhibit bacterial proliferation (Hatsugai et al., 2009). The source of plant extracellular vesicles and the way they function are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Plant extracellular vesicles contain active components such as nucleic acids and proteins. Plant extracellular vesicles can also be modified as delivery vehicles for therapeutics such as miRNAs and drugs.
EXTRACTION OF PLANT EXTRACELLULAR VESICLES
In addition to plant extracellular vesicles for plant growth and development, defense responses, and plant-microbe symbiosis (Regente et al., 2017; Rutter and Innes, 2018; Chukhchin et al., 2019; Ivanov et al., 2019; Zhou et al., 2021), plant extracellular vesicles have attracted attention for their potential roles in human health and disease. For example, extracellular vesicles extracted from edible fruits and vegetables have antioxidant functions, and strawberry- and blueberry-derived exosome-like nanoparticles prevent oxidative stress in human mesenchymal stromal cells and endothelial cells (De Robertis et al., 2020; Logozzi et al., 2021; Perut et al., 2021). In order to study the cargo and function of plant extracellular vesicles, isolation and purification of plant extracellular vesicles are the primary tasks. Differential centrifugation is the most commonly used method for the isolation of extracellular vesicles, which separates and removes components other than extracellular vesicles from solution in a step-by-step fashion based on differences in vesicle density and size (Carnino et al., 2019; Akbar et al., 2022). Typically, low-speed centrifugation is used to separate cellular debris, and high-speed centrifugation is used to collect extracellular vesicles by density (Thery et al., 2006; Xu et al., 2015). For example, ginseng nanovesicles were isolated from ginseng root grinding liquid by differential centrifugation and sucrose density gradient method (Cho et al., 2021). In addition, density gradient centrifugation, which can also collect extracellular vesicles based on the buoyant density of the particles, is commonly used to isolate extracellular vesicles partially isolated by centrifugation (Carnino et al., 2019). Density gradient centrifugation utilizes two methods to form gradients, a continuous density gradient or a stepwise gradient, on a sucrose pad (Konoshenko et al., 2018). For example, citrus lemon nanovesicles obtained by ultra-fast separation were purified on a 30% sucrose gradient (Raimondo et al., 2015). Corn-derived nanovesicles were obtained by ultracentrifugation of corn homogenate using a sucrose pad (Sasaki et al., 2021). In addition, based on size, precipitation and immunoaffinity capture of exosomes, ultrafiltration (UF), size exclusion chromatography (SEC), polymer precipitation, and immunoprecipitation have also been developed for the isolation of extracellular vesicles (Konoshenko et al., 2018). The separation principle of ultrafiltration is the same as that of filter membrane, and compared with ultracentrifugation, ultrafiltration takes less time (Konoshenko et al., 2018; Liangsupree et al., 2021). In particular, ultrafiltration can be alternated with successive ultracentrifugation stages (Sasaki et al., 2021). Size exclusion chromatography is a separation method based on particle size. Larger vesicles are washed out earlier because they cannot penetrate into the cavity of the column, and smaller vesicles are retained in the cavity of the column. The benefit of this approach is that it preserves the integrity of the vesicle structure (Liangsupree et al., 2021; Akbar et al., 2022). The PEG precipitation method can precipitate extracellular vesicles from the sample solution according to the solubility difference of the particles in PEG (Liangsupree et al., 2021; Akbar et al., 2022). However, due to similar solubility, some non-extracellular vesicle proteins are also precipitated. Immunoprecipitation is based on surface proteins of extracellular vesicles, such as CD63 (Carnino et al., 2019; Akbar et al., 2022). The advantage of this method is that it can specifically identify a type of extracellular vesicles, and can also better protect the integrity of the vesicles. Although the isolation methods of plant extracellular vesicles are constantly improving, the rapid, efficient and reproducible isolation of these extracellular vesicles is still challenging. Above, we briefly listed the uses and isolation methods of some plant extracellular vesicles in clinical settings, and summarized them in Tables 1, 2.
TABLE 1 | Sources, pathways, extraction methods and applications of exosomes.
[image: Table 1]TABLE 2 | Exosomes as drug carriers to deliver different drugs.
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Plant extracellular vesicles contain a large amount of proteins, lipids, and miRNAs, which can act as cell messengers to transfer these biologically active substances from in vitro to in vivo, then to the lesion tissue, and finally to cells (Yim and Choi, 2016; Xiao et al., 2018). Thus, plant extracellular vesicles can mediate specific transboundary cellular or tissue responses (Zhang et al., 2012; Chin et al., 2016). Among them, plant-derived miRNAs are not only used for plant growth, development and defense responses (Xu et al., 2022), such small non-coding RNAs have also recently been used as tumor suppressor RNAs to play a role in tumor progression (Potesta et al., 2020). For example, broccoli miR159 can inhibit the growth of breast cancer cells across borders (Chin et al., 2016); olive small RNA is functionally homologous to human miR34a, and transfection of it can reduce the protein expression of hsa-miR34a mRNA targets across borders and increase different tumors Cell apoptosis and reduced proliferation (Minutolo et al., 2018); some small RNAs from maize can significantly reduce HeLa cell proliferation (Luo et al., 2017). In addition to oral absorption, the way that these plant RNAs enter the human body may also be mediated through extracellular vesicles. The molecular structure of plant extracellular vesicles is similar to that of animal extracellular vesicles, which makes plant extracellular vesicles also used as a natural therapeutic agent for disease treatment (Akers et al., 2013; Rutter and Innes, 2018). For example, exosomes isolated from wheat, asparagus, and grapefruit act as antioxidants, enhance cell viability, and promote skin cell proliferation and migration during wound healing and skin regeneration (Sahin et al., 2019; Kim et al., 2021; Savci et al., 2021). Food-derived plant exosomes (green tea, broccoli, lemon) can directly shape intestinal flora and maintain immune homeostasis through oral administration, thereby preventing and treating various intestinal diseases (Teng et al., 2018; Lei et al., 2020; Zu et al., 2021). Therefore, inspired researchers began to try to apply plant extracellular vesicles to tumor cells. It is gratifying that these vesicles also showed their good anticancer activities, Including inhibiting the proliferation and invasion of malignant tumors, promoting the apoptosis of cancer cells, inhibiting the cell cycle, and reducing the drug resistance of cancer cells (Friedmann, 2016; Cao et al., 2019; Potesta et al., 2020; Stanly et al., 2020; Yang et al., 2021; Zhang et al., 2021).
Melanoma, a deadly skin disease, is a major public health problem in many white countries (Jackett and Scolyer, 2019). UV radiation is often considered a trigger, and increased UV exposure increases the incidence of melanoma (Keim et al., 2021). Ginseng is a traditional Chinese medicine in Southeast Asian countries, in addition to ginsenosides exhibiting tumor-suppressive effects in the treatment of melanoma, Ginseng extracellular vesicles isolated from ginseng cell culture supernatants improve cellular melanosis induced by UV-B radiation by downregulating melanin-producing proteins (Zhou and Yang, 2015; Meng et al., 2019; Cho et al., 2021). Ginseng extracellular vesicles, dependent on TLR4 and MyD88 signaling, promote the transformation of tumor-associated macrophages from the M2 phenotype to the M1 phenotype and inhibit the growth of melanoma (Cao et al., 2019). Extracellular vesicles extracted from the leaves and stems of Dendrobium inhibited the expression of the melanin production-related gene MITF and the tyrosine-related proteins TYR, TRP-1 and TRP-2, inducing melanin reduction in melanoma cells (Lee et al., 2020). In addition to ginseng extracellular vesicles, grapefruit extracellular vesicles have been shown to reduce the expression levels of cyclins B1 and B2 and upregulate the expression of the cell cycle inhibitor P21, arrest the melanoma cell cycle at the G2/M point, and inhibit melanin Proliferation of tumor cells (Stanly et al., 2020). Cervical cancer caused by human papillomavirus has an extremely high fatality rate in less developed regions. Vesicles isolated from aqueous extracts of Moringa oleifera seeds were shown to induce decreased tumor cell growth and increased apoptosis in cultured hela cells in vitro by downregulating B-cell lymphoma 2 anti-apoptotic proteins (Abdul Rahman et al., 2020; Potesta et al., 2020). In the research of liver cancer treatment, the research of asparagus extracellular vesicles has made new achievements. The results of in vivo and in vitro experiments showed that asparagus extracellular vesicles inhibited the proliferation of cancer cells by reducing the expression levels of Ki67 and PCNA in liver cancer cells, and increase the protein levels of AIF, Bax and Bak to trigger the activation of caspase-9, leading to cleavage of key cellular proteins including the DNA repair enzyme PARP and ultimately cancer cell death (Zhang et al., 2021). The down-regulation of apoptosis-related protein caspase 3 and the up-regulation of cleaved caspase 3 in the experiments of lemon extracellular vesicles for cancer treatment indicated that lemon extracellular vesicles could induce apoptosis of gastric cancer cells. In addition, gastric cancer cells undergo S-phase cell cycle arrest, and cancer cell proliferation is also inhibited (Yang et al., 2020). In addition, citrus lemon exosomes have also been shown to inhibit different tumor cell lines by specifically reaching the tumor site and activating TRAIL-mediated apoptotic cell death: A549 (human lung cancer cell line), SW480 (human colorectal adenocarcinoma) cell line), LAMA84 (chronic myeloid leukemia cell line) cancer cell proliferation (Raimondo et al., 2015). In mouse colon tumor cells, the researchers found that maize extracellular vesicles produced TNF-α by inhibiting colon 26 cell proliferation (direct effect) and by activating macrophages and other immune cells to infiltrate the tumor (indirect effect) to inhibit tumor growth in mice. The synergistic or additive effects of the two actions resulted in a significant in vivo antitumor effect of maize extracellular vesicles (Sasaki et al., 2021). Garlic-derived extracellular vesicles have anticancer properties against A498 (human renal carcinoma cell line), with reduced cell proliferation and cell cycle arrest in S phase. The expression levels of pro-apoptotic genes such as p53, Bax, Cas3 and Cas9 in tumor cells treated with garlic extracellular vesicles were significantly increased, and the expression levels of Bcl-2 anti-apoptotic genes were significantly decreased. As a potent angiogenic factor, VEGF secretion was also significantly reduced, adversely affecting tumor angiogenesis in cancer cells (Ozkan et al., 2021). In conclusion, plant extracellular vesicles can inhibit the proliferation and invasion of cancer cells, promote cell apoptosis, and inhibit cell cycle through immune pathways (macrophages and B lymphocytes) and direct effects. The detailed pathways of plant extracellular vesicles are shown in Table 1.
PLANT EXTRACELLULAR VESICLES AS DRUG DELIVERY VEHICLES FOR ANTITUMOR
To date, the application of mammalian extracellular vesicles in cancer therapy has covered various aspects such as targeted chemotherapy, gene therapy and vaccine development (Liang et al., 2021; Tarasov et al., 2021). However, plant-derived extracellular vesicles have a similar structural composition to animal extracellular vesicles (Baldrich et al., 2019; Pocsfalvi et al., 2019; Stanly et al., 2019), yet only a few studies have developed them as a drug delivery platform. Compared with animal extracellular vesicles, plant extracellular vesicles are superior to animal-derived extracellular vesicles by virtue of their natural origin and the absence of zoonotic or human pathogens (De Jong and Borm, 2008; Dad et al., 2021). Plant extracellular vesicles have been proved to be safe and reliable through three routes of administration: oral, transdermal, and blood transport (Kusuma et al., 2016; Munir et al., 2020; Kim et al., 2021). Recent studies have shown that plant extracellular vesicles play an important role in the pathogenesis of various diseases, including cancer. Ginger exosomes have miRNAs that inhibit the expression of Nsp12 in lung epithelial cells and prevent Nsp12+-mediated lung inflammation in the treatment of inflammation (Teng et al., 2021). Ginger exosomes can be used to deliver the anti-inflammatory drug methotrexate for colitis and as an immunotherapeutic agent to maintain intestinal macrophage homeostasis (Wang et al., 2014). It is also used in Alzheimer’s disease and diabetes treatment by preventing abnormal activation of the NLRP3 (9). In the field of cancer treatment, new breakthroughs have also been made. It has been demonstrated that in combination with the chemotherapeutic drug 5-fluorouracil (5-FU), bitter melon exosomes enhance cytotoxicity and reduce 5-FU resistance during oral squamous cell carcinoma cell (OSCC) therapy by downregulating the expression of inflammasome NLRP3. Bitter melon extracellular vesicles induce apoptosis in oral squamous cell carcinoma cells by triggering ROS-mediated mitochondrial damage, a process possibly mediated by MAP30 protein (Yang et al., 2021). To Inhibit brain tumor progression, miR17 was encapsulated in grapefruit exosomes coated with folic acid and polyethylenimine, miR17 was rapidly delivered to the brain via the intranasal route and was selectively taken up by GL-26 cancer cells. Killed cancer cells by inhibiting MHC1 expression in GL-26 cancer cells and triggered the activation of NK cells (Friedmann, 2016). In addition to delivering miRNA therapeutics, some research groups have combined grapefruit extracellular vesicles with aptamer HA1 to load the chemotherapeutic drug azithromycin to target and kill HER2+ breast cancer cells (Tang et al., 2020). Coating grapefruit exosomes with membranes of activated leukocytes increases LFA-1 or CXCR1 and CXCR2 expression and improves the recruitment of grapefruit exosomes to cancer cells. Doxorubicin encapsulated in grapefruit exosomes was successfully delivered to the CT26 colon cancer and exerted tumoricidal effect (Wang et al., 2015). In addition, new research shows that in the treatment of ovarian cancer, functional heparin-cRGD (HR) was modified on the surface of lemon exosomes, and then the modified lemon exosomes were loaded with the drug doxorubicin through endocytosis into cancer cells. The expression of P-glycoprotein (P-gp) is inhibited, the production of ATP is reduced, the energy generated by ATP hydrolysis is reduced, and the excretion of drugs from cancer cells is reduced, thereby achieving the purpose of overcoming cancer drug resistance (Xiao et al., 2022). In summary, in practical applications, in addition to directly using the original plant extracellular vesicles as a drug delivery platform, in order to enhance its targeting, specific tumor-specific ability, and enhance tumor-related anti-tumor properties, researchers have also tried different approaches to redesign plant extracellular vesicles. The modification methods of each plant extracellular vesicle in this review are shown in Table 2.
DISCUSSION
Cancer is increasingly important as the leading cause of premature human death globally and, based on current trends, may even surpass cardiovascular disease as the leading cause of premature death in most countries, especially developing countries (Jiang et al., 2021). Accurate diagnosis and effective treatment of cancer is undoubtedly a huge problem in clinical treatment. In addition to the commonly used treatments such as gene therapy, immunotherapy, and chemotherapy (Vatner et al., 2014; Dayakar et al., 2022), researchers have attempted to develop extracellular vesicles as biomarker molecules and delivery platforms for cancer diagnosis and treatment (Pullan et al., 2019; Zhou et al., 2020). More and more studies have demonstrated that extracellular vesicles participate in and play an important role in multiple processes of cancer development. In addition to being an integral part of the plant’s own biological machinery and acting as a defense frontline during plant infection and growth and development, plant extracellular vesicles have also been developed as therapeutic agents to play a role in human health and disease (Rutter and Innes, 2018; Dad et al., 2021; Xu et al., 2022). The active substances such as proteins and nucleic acids contained in plant extracellular vesicles can maintain their physiological activities in recipient cells and affect the development of diseases (Baldrich et al., 2019; Chen et al., 2022). Plant extracellular vesicles can resist the activity of digestive enzymes in the gastrointestinal tract without being broken down, can be absorbed in the intestine, and can also function through the blood route (Munir et al., 2020). In addition to plant extracellular vesicles themselves acting as therapeutic particles, plant extracellular vesicles are also often designed as drug carriers to deliver drugs. Compared with delivery vehicles such as liposomes, silver nanoparticles and animal extracellular vesicles, plant extracellular vesicles are regarded as a natural source, biocompatibility, non-immunogenicity and non-toxicity to normal cells, an ideal nanosphere to hold and transport cargo (De Jong and Borm, 2008). It is also relatively easy to obtain plant extracellular vesicles, which can be obtained directly from plant stems and leaves, plant seeds and fruit juices (Rutter and Innes, 2017; Potesta et al., 2020; Bruno et al., 2021; Karimi et al., 2022). Although the application of plant extracellular vesicles seems to be easier and faster than that of animal extracellular vesicles, many efforts are still required. In addition, extensive immunogenicity studies are required to assess in vivo safety and efficacy before large-scale production use. In the face of tumor cells that may metastasize at any time, how to effectively load drugs, target delivery and release of drugs, deeply penetrate tumors and increase drug accumulation in tumor cells still need further research by scholars. Finally, the lack of specific markers still hinders the characterization of plant extracellular vesicles, although the omics analyses associated with them are increasing. Whether the source of plant extracellular vesicles is contaminated or not deserves further investigation.
CONCLUSION
Plant extracellular vesicles play an important role in the treatment of diseases including cancer. Plant extracellular vesicles contain biologically active particles such as miRNA, proteins, and nucleic acids, which can interfere with the development of tumor cells. In addition, plant extracellular vesicles are also an ideal drug delivery vehicle, which can be modified for targeted delivery of anticancer drugs.
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Breast cancer (BC) is one of the most common malignant tumor, the incidence of which has increased worldwide in recent years. Ginsenosides are the main active components of Panax ginseng C. A. Mey., in vitro and in vivo studies have confirmed that ginsenosides have significant anti-cancer activity, including BC. It is reported that ginsenosides can induce BC cells apoptosis, inhibit BC cells proliferation, migration, invasion, as well as autophagy and angiogenesis, thereby suppress the procession of BC. In this review, the therapeutic effects and the molecular mechanisms of ginsenosides on BC will be summarized. And the combination strategy of ginsenosides with other drugs on BC will also be discussed. In addition, epigenetic changes, especially microRNAs (miRNAs) targeted by ginsenosides in the treatment of BC are clarified.
Keywords: ginsenosides, breast cancer, MicroRNAs, combination therapy, molecular mechanism
INTRODUCTION
Ginsenosides are the main active components of traditional Chinese herbal medicine Panax ginseng C. A. Mey. (Song et al., 2022). At present, nearly 200 ginsenosides have been isolated and identified from the roots, stems, leaves, flowers buds, and berries of Panax ginseng C. A. Mey. (Zhao A. et al., 2022). Ginsenosides can be divided into three classes according to different aglycone structures, protopanaxadiol (PPD), protopanaxatriol (PPT) and oleanolic acid. PPD types mainly includes ginsenosides Rb1, Rd, Rg3, Rh2, CK and F2, etc., PPT types mainly includes ginsenosides Re, Rf, Rg1, Rg2, Rh1 and F1, etc., and oleanolic acid types mainly includes ginsenosides Ro, etc. (Hou et al., 2021; Liu G. et al., 2022). Modern pharmacology has shown that ginsenosides have neuroprotective (Zarneshan et al., 2022), anti-aging (Meng et al., 2022), anti-oxidant (He et al., 2022), anti-inflammatory (Xu et al., 2022) and anti-cancer (Zhao L. et al., 2022) effects. Numerous ginsenosides has been reported have various anti-cancer activity. Such as, ginsenoside Rg3 can effectively inhibit prostate cancer, gastric cancer, gallblader cancer and ovarian cancer, etc., while ginsenoside CK can function in suppress the proliferation and procession of liver cancer, lung cancer, colon cancer, and bladder cancer, etc. (Liu Z. et al., 2021; Liu J. et al., 2022).
Breast cancer (BC) is the most common cancer among female patients in the world (Zeng et al., 2020). According to the data of International Agency for Research on Cancer (IARC) (Hu et al., 2022), more than 2.26 million women in the world were diagnosed with BC and nearly 68.5 million women died of BC in 2020. While this number was estimated around more than 3 million new cases and 1 million deaths every year by 2040. BC is a disease with complex etiology and high heterogeneity, can be divided into three types, hormone receptor positive (estrogen and progesterone), human epidermal growth factor receptor 2 (HER2) positive and triple negative breast cancer (TNBC, accounting for 10%–20% of BC cases) (Karami Fath et al., 2022). In clinical, treatment of BC mainly include surgical resection, radiotherapy, hormone therapy and so on (Qiu et al., 2021). However, these treatments are accompanied by adverse conditions such as drug resistance (Hobbs et al., 2022).
Studies have shown that ginsenosides can mediating numerous processions of BC, including drive apoptosis and autophagy, regulate cell cycle and inhibit metastasis (Jin et al., 2020). At present, a variety of ginsenosides have been reported to inhibit the proliferation of BC, such as ginsenoside Rg3 and ginsenoside Rd can inhibit the metastasis of BC cells. While ginsenosides Rg2, Rg5 and CK can induce autophagy, apoptosis and cell cycle arrest of BC cells (Hong et al., 2021). Moreover, combination treatment of ginsenosides and other chemotherapeutic drugs have been reported. For example, combination of ginsenoside Rg3 with curcumin or endostar can improve BC cells radiosensitivity, and inhibit metastasis of BC cells, respectively (Zhang et al., 2016; Changizi et al., 2021). The relationship between microRNAs (miRNAs) and BC was first clarified in 2005, and subsequent studies revealed numerous miRNAs closely related to the development of BC (Iorio et al., 2005; Shekari et al., 2022). It has been reported that miRNAs can be used to determine the stage of BC, thereby predicting the survival rate of BC patients (Karami Fath et al., 2022). Moreover, miRNAs detected in body fluids serve as biomarkers for the diagnosis and prognosis of BC (Liu L. et al., 2022). Ginsenoside Rd inhibited the expression of miR-18a, which in turn inhibited the proliferation, metastasis and invasion of BC cells (Wang et al., 2016). While ginsenoside Rh2 inhibits proliferation and induces apoptosis of BC cells by inhibiting miR-4425 and miR-3614-3p expression, respectively (Park et al., 2021; Park et al., 2022). The present review is aim to summarize the pharmacological activities of ginsenosides in BC therapy, as well as indicated molecular mechanism. Further overview the combination therapies against BC and discuss the clinical prospects of ginsenosides. Moreover, miRNAs targeted by ginsenosides in BC treatment will also be demonstrated.
ANTI-BREAST CANCER ACTIVITY OF GINSENOSIDES
PPD and PPT are both dammarane tetracyclic triterpene saponins, and the main difference in structure is whether there is a hydroxyl substitution on the carbon at position 6 (Pan et al., 2018). Moreover, in the anti-BC research of ginsenosides, it mainly revolves around PPD and PPT types ginsenosides, and in details, the structure is mainly different in groups on the carbon at positions 3, 6 and 20 (Figure 1). In the following section, the biological activity of ginsenosides against BC according to ginsenosides chemical structures will be investigated (Figure 2, Table 1).
[image: Figure 1]FIGURE 1 | Chemical structures of ginsenosides with anti-breast cancer activity. Glc, glucose. The chemical structures of the ginsenosides included in this publication were obtained from pubchem, but ginsenoside Rp1 was drawn using the chemdraw program.
[image: Figure 2]FIGURE 2 | Anti-breast cancer effect of various ginsenosides.
Anti-breast cancer activity of PPD types
PPD has good biological activities of anti-oxidation, anti-inflammatory, as well as anti-cancer (Yang et al., 2019). At present, several studies have reported the anti-BC effects of PPD and related mechanisms. Such as, ginsenoside F2 inhibits the proliferation of breast cancer stem cells (CSCs) by regulating p53 to induce apoptosis and stimulate autophagy (Mai et al., 2012). Ginsenoside Rb1 can decrease tumor growth and tumor weight in vivo, and induce apoptosis of BC cells in vitro by binding to carbon nanotubes (Lahiani et al., 2017; Zuo et al., 2022). Moreover, ginsenoside Rb3 increases the anti-proliferative activity of cisplatin at higher concentrations (Aung et al., 2007). In this report, the berry extract of American ginseng has the effect of anti-proliferation of BC cells, and ginsenoside Rb3 is the active ingredient with the highest content. We speculate that ginsenoside Rb3 has the effect of anti-BC.
Ginsenoside Rd Ginsenoside Rd is one of the metabolites of ginsenoside Rb1 in the intestine (Zhang et al., 2021) and has a wide range of biological activities including neuroprotection, improved metabolism, as well as anti-cancer (Li J. et al., 2022). It is reported that ginsenoside Rd inhibits proliferation and drives apoptosis of BC cells (Kim 2013). Ginsenoside Rd can target transient receptor potential (TRP) melastatin 7 (TRPM7), a member of the TRP channel family and functions in cell cycle regulation, further mediate the proliferation and survival of BC cells (Liu H. et al., 2020). On the other hand, ginsenoside Rd shows the activity of suppressing angiogenesis and metastasis. In details, ginsenoside Rd inhibited migration, invasion and lung metastasis of BC cells in vitro and in vivo, respectively (Wang et al., 2016). Moreover, ginsenoside Rd can inhibit HIF-1α (hypoxia inducible factor-1)/VEGF (vascular endothelial growth factors) through Akt/mTOR/p70S6K signaling pathway and then inhibit angiogenesis and cut off nutrient supply (Zhang et al., 2017). VEGF, also known as vascular permeability factor, promotes endothelial cell proliferation, migration and invasion into surrounding tissues, and is an important factor in tumor angiogenesis (Adams and Alitalo 2007). Therefore, we speculate that ginsenoside Rd can not only inhibit angiogenesis but also inhibit the growth, metastasis and invasion of BC cells by targeting VEGF.
Ginsenoside CK Ginsenoside CK is the main metabolite and final absorption form of PPD type ginsenoside in the intestine (Jin et al., 2018). Ginsenoside CK can inhibit the proliferation, induce apoptosis of MCF-7 cells, as well as EMT, through down-regulating the PI3K/Akt pathway (Zhang and Li 2016). Moreover, ginsenoside CK can reduce glycogen synthase kinase-3β (GSK-3β) phosphorylation, which leads to decreased expression of oncoprotein β-catenin and cyclin D1, thereby induce programmed necrosis of cancer cells (Kwak et al., 2015). TNBC is particularly addicted to glutamine, which is an essential nutrient that replenishes energy to cancer cells (Edwards et al., 2021). Studies have shown that ginsenoside CK targets glutamine metabolism and exerts anti-cancer effects on high glutamine-dependent TNBC cells both in vitro and in vivo. In particularly, ginsenoside CK decreased the expression of glutaminase 1 (GLS1), resulting in reduced ATP production, attenuated amino acid availability, causing oxidative stress and TNBC cells growth inhibition and apoptosis (Zhang B. et al., 2022).
Ginsenoside Rh2 Ginsenoside Rh2 has several pharmacological activities, including improving cardiac function, anti-inflammatory and anti-cancer effects (Liu T. et al., 2022). It is reported that ginsenoside Rh2 mediates cell cycle arrest and inhibits proliferation of BC cells (Oh et al., 1999; Hu et al., 2021). Ginsenoside Rh2 can mediate G1/S cell cycle arrest by activating p38 and decreasing cyclin D1 expression (Peng et al., 2022). Moreover, ginsenoside Rh2 mediates G1 phase arrest of BC cells, which is caused by p15 INK4B and p27 kip1 dependent inhibition of CDKs/cyclin complex (Choi et al., 2009). In addition, ginsenoside Rh2 can up-regulate the phosphorylation levels of p53, p38 and ASK1 (apoptosis signal-regulating kinase 1), whereas down-regulate the expression of TRAF2 (TNF receptor-associated factor 2), thereby inhibiting the proliferation of BC cells (Ren et al., 2018). It is reported that ginsenoside Rh2 can induce BC cells apoptosis (Park et al., 2022). Studies have shown that ginsenoside Rh2 can increase the expression of TNFα (tumor necrosis factor α) by up-regulating ERβ (estrogen receptor β), which in turn induces apoptosis of BC cells (Peng et al., 2022). Furthermore, ginsenoside Rh2 induced apoptosis of BC cells was associated with increased levels of pro-apoptotic proteins including Bak, Bax and Bim, and decreased levels of anti-apoptotic proteins including Bcl-2, Bcl-xL and Mcl-1 (Choi et al., 2011). On the other hand, ginsenoside Rh2 shows the activity of inhibiting the migration and invasion of cancer cells. In details, studies have shown that ginsenoside Rh2 can inhibit migration and invasion of BC cells promoted by the senescence-associated secretory phenotype of BC cells and normal epithelial cells (Hou et al., 2019).
Ginsenoside Rg3 Ginsenoside Rg3 has anti-cancer activity and has been demonstrated in many types of cancer, including BC (Liu M. Y. et al., 2021). It has been reported that two epimers of ginsenoside Rg3, 20(S)-ginsenoside Rg3 (SRg3) and 20(R)-ginsenoside Rg3 (RRg3), can inhibit the proliferation, migration and invasion of BC cells, respectively (Nakhjavani et al., 2019). In details, ginsenoside Rg3 can affect cell proliferation through a variety of pathways, including inducing protein synthesis, cell division, and inhibiting nuclear factor kappa-B (NF-κB) signaling (Zou et al., 2018), among which, SRg3 inhibits BC cells proliferation by arresting the cell cycle of G0/G1 (Nakhjavani et al., 2019). Furthermore, studies demonstrated that SRg3 induces apoptosis of BC cells through classical mitochondria-dependent caspase activation (Kim et al., 2013). In details, SRg3 inhibits the phosphorylation of ERK and Akt, as well as induces the instability of mutant p53, thereby blocking NF-κB signal transduction, which in turn decreases the expression of Bcl-2 and ultimately induces apoptosis of BC cells (Kim et al., 2014). Moreover, ginsenoside Rg3 shows the activity of inhibiting angiogenesis, driving autophagy, as well as mitastasis of BC cells (Zhang et al., 2016). SRg3 inhibits the expression of VEGFs and matrix metalloproteinases (MMPs), which in turn suppresses angiogenesis, and further enhances the autophagic process by inhibiting mTOR/PI3K/Akt and JNK/Beclin-1 signaling pathways (Zhang et al., 2016). While SRg3 can also target CXCR4 expression and function in inhibiting the migration of BC cells (Chen et al., 2011). On the other hand, ginsenoside Rg3 are able to reduce stem cell properties and EMT to exert anti-cancer effects. Cancer stem cell properties play critical roles in tumorigenesis, progression, and therapy, and SRg3 inhibits self-renewal activity in breast stem-like cancer cells by blocking Akt-induced HIF-1α activation and inhibiting HIF-1α-regulated expression of Bmi-1 and Sox-2 (Oh et al., 2019). Moreover, SRg3 inhibited PI3K/AKT pathway to decrease the expression of cellular “stemness”, which in turn reduced mammosphere formation efficiency (Nakhjavani et al., 2021). And studies have shown that (S, R) Rg3 down-regulates cancer “stemness” and EMT suppresses myeloid-derived suppressor cell (MDSC) of BC cells, thereby exerting anti-cancer effects (Song et al., 2020).
Anti-breast cancer activity of PPT types
PPT has anti-cancer biological activity, including BC (Yu et al., 2018; Wang B. et al., 2020). For example, ginsenoside Re has the activity of inhibiting the proliferation of BC cells, while increasing the activity of cisplatin in a concentration-related manner and improving its anti-proliferative effect on BC (Aung et al., 2007).
Ginsenoside Rg1 Ginsenoside Rg1 is an effective anti-cancer component in total ginsenosides (Li J. et al., 2014). It is reported that ginsenoside Rg1 decreases cell viability, inhibits cell proliferation, induces reactive oxygen species (ROS) thereby drives apoptosis of BC cells (Chu et al., 2020). In details, ginsenoside Rg1 induces apoptosis by generating ROS of BC cells (Chu et al., 2020). On the other hand, ginsenoside Rg1 shows the activity of suppressing invasion and migration of BC cells. Studies have shown that ginsenoside Rg1 inhibits PMA-induced MMP-9 expression by inhibiting NF-κB activity, which in turn inhibits invasion and migration of BC cells (Li L. et al., 2014). Moreover, ginsenoside Rg1 can down-regulate the expression of angiogenesis and EMT markers, thereby functions in inhibiting angiogenesis and EMT (Chu et al., 2020). Therefore, we speculate that ginsenoside Rg1 has the effect of blocking BC cells metastasis mediated by EMT.
Ginsenoside Rg2 Ginsenoside Rg2 has the functions of enhancing memory, improving metabolism, protecting heart, as well as anti-cancer (Liu X et al., 2022). It is reported that ginsenoside Rg2 induces cell cycle arrest, inhibits proliferation and drives apoptosis of BC cells (Jeon et al., 2021a). In details, ginsenoside Rg2 can induce ROS production by inhibiting the activation of ERK1/2 and Akt, which in turn inhibits proliferation of BC cells, further arrest the cell cycle of G1 and induce apoptosis of BC cells by promoting ROS-mediated AMPK activation (Jeon et al., 2021b). In addition, studies have shown that ginsenoside Rg2 can mediate the activation of p53, which in turn induces the up-regulation of AMPK, further functions in regulating apoptosis and autophagy of BC cells (Chung et al., 2018).
Ginsenoside Rh1 Ginsenoside Rh1 is a metabolite of ginsenoside Re and Rg1, and has been reported to possess anti-allergic, anti-inflammatory, anti-aging, anti-oxidant and anti-cancer activity (Lyu et al., 2019). It is reported that ginsenoside Rh1 induces cell cycle arrest and drives apoptosis of BC cells (Huynh et al., 2021; Jin et al., 2022). In details, ginsenoside Rh1 induces cell cycle arrest, apoptosis, as well as autophagy by inhibiting ROS mediated PI3K/Akt pathway (Huynh et al., 2021). Moreover, ginsenoside Rh1 increases cell cycle arrest and apoptosis by inducing mtROS (mitochondrial ROS)-activated intracellular calcium accumulation and ER stress signaling pathways (Jin et al., 2022). On the other hand, studies have shown that ginsenoside Rh1 increases the production of mtROS to induce mitochondrial dysfunction, thereby inhibiting STAT/NF-κB signaling pathway, which in turn inhibits migration, invasion of BC cells, as well as angiogenesis (Jin et al., 2021).
Anti-breast cancer activity of other ginsenosides
At present, rare ginsenosides such as Rg5, Rk1, Rh4 have also begun to be extensively studied, which are the deglycosylated forms of the main ginsenosides, and harvest greater drug potential (Qi et al., 2011). Ginsenoside Rg5 is a minor ginsenoside synthesized by deglycylation of ginsenoside Rb1 and dehydration of the carbon at the 20-position of ginsenoside Rg3 during ginsenoside cooking treatment, and exhibits excellent anti-BC effect (Liu M. Y. et al., 2021). Numerous studies have shown that ginsenoside Rg5 can induce apoptotic death in BC cells, one by inhibiting the PI3K/Akt/mTOR pathway and subsequently reducing Bad phosphorylation (Liu and Fan 2018; Liu and Fan 2020), and the other by regulating mitochondria-mediated pathway to induce caspase-dependent apoptosis including caspase-3, caspase-8, caspase-9 and Poly (ADP-ribose) polymerase (PARP) (Kim and Kim 2015; Liu and Fan 2018; Liu and Fan 2020). Moreover, ginsenoside Rg5 can up-regulate the expression of LC3-II, Beclin-1, Atg5 and Atg12 and down-regulate the expression of p62, thereby inducing autophagy and promoting BC cells death (Liu and Fan 2018; Liu and Fan 2020). Ginsenoside Rg5 can also induce G0/G1 cell cycle arrest by reducing the protein expression of cyclin D1, cyclin E2 and CDK4, and increasing the expression of p15 ink 4B, p53 and p21WAF1/CIP1, and subsequently inhibit the proliferation of BC cells (Kim and Kim 2015). Ginsenoside Rk1 is derived from ginsenoside Rg3 through a dehydration or heating process (Ryoo et al., 2020). The study found that ginsenoside Rk1 can also inhibit the growth of TNBC cells by inhibiting the expression of cycle-related proteins, causing cells to arrest in G0/G1 phase (Hong and Fan 2019). In addition, ginsenoside Rk1 can also regulate the production of intracellular ROS and reduce mitochondrial membrane potential, and then increase the expression of Bax and cytochrome C, thereby inducing apoptosis and death of TNBC cells (Hong and Fan 2019). Ginsenoside Rh4 is produced by Rg1 and Re by restoring antioxidant defense enzyme activity or inhibiting ROS generation (Baek et al., 2017), and has been shown to have inhibitory effects on the occurrence of colorectal cancer, lung cancer and esophageal cancer (Baek et al., 1996). Daidi Fan’s research shows that ginsenoside Rh4 can not only effectively inhibit the proliferation of S-phase cells, but also induce apoptosis by reducing Bcl-2, increasing Bax and activating caspase-8, caspase-3 and PARP, thereby inhibiting BC cells growth (Duan et al., 2018). On the other hand, ginsenoside Rp1 is prepared from ginsenosides Rg5, Rk1, etc. through reduction and hydrogenation reactions (Cho et al., 2001). It has been reported that ginsenoside Rp1 can induce cell cycle arrest and apoptosis of BC cells through inhibit the insulin-like growth factor 1 receptor (IGF-1R)/Akt pathway (Kang et al., 2011). In details, MCF-7 cells were arrested in G1 phase and MDA-MB-231 and T-47D cells were arrested in G2/M phase. In this study, Ju-Hee Kang et al. proposed that ginsenoside Rp1 could be further investigated to inhibit metastasis of BC cells.
ANTI-BREAST CANCER ACTIVITY OF GINSENOSIDES MEDIATED BY MICRORNAS
MiRNAs are a group of endogenous noncoding RNAs that regulate gene expression, ranging in size from 19 to 25 nucleotides (Lu and Rothenberg 2018). MiRNAs bind to the 3′-UTR (untranslated region) of a specific target gene to degrade mRNA or inhibit its protein translation (Lee and Dutta 2009). In general, miRNAs are aberrantly expressed in a variety of cancers, oncogenic miRNAs are frequently overexpressed, and tumor suppressor miRNAs are frequently downregulated (Fridrichova and Zmetakova 2019). A growing number of studies have shown that some miRNAs are emerging as BC diagnostic, prognostic and therapeutic biomarkers and control BC hallmark functions, such as invasion, metastasis, proliferation and apoptosis, etc (Bertoli et al., 2015; Xu et al., 2020). For example, the miR-200 family is often present in BC cells as tumor suppressors, regulating EMT by targeting the transcriptional repressors ZEB1 and ZEB2, thereby inhibit the metastasis and invasion of BC cells (Liu 2012).
It has also been reported that ginsenosides can inhibit the occurrence and growth of cancer cells by targeting miRNAs (Table 2). Studies have shown that ginsenoside Rh2 can inhibit the proliferation of lung cancer cells and glioma cells by targeting miR-491 and miR-128 (Wu et al., 2011; Chen et al., 2019). Ginsenoside Rg3 regulates the expression of target genes by targeting miRNAs including miR-4425, miR-603 and miR-324-5p, which in turn inhibits ovarian cancer progression (Zheng et al., 2018; Lu et al., 2019; Lu et al., 2020). Ginsenosides Rh7 and Rg1 have been reported to inhibit the progression of non-small cell lung cancer (NSCLC) by targeting miR-212 and miR-126, respectively (Chen et al., 2021a; Chen et al., 2022). In particularly, several studies clarify that ginsenosides mediate the miRNAs expression profile of BC (Li et al., 2020). For example, ginsenoside Rh2 can up-regulate LncRNA STXBP5-AS1, whereas inhibit the level of miR-4425, further reduce the expression of target gene RNF217, thereby inhibit the growth of BC cells (Park et al., 2021). Ginsenoside Rh2 can also down-regulate the expression of miR-3614-3p mediated by CFAP20DC-AS1, and then reduce the expression of BBX and TNFAIP3, thereby inducing apoptosis of BC cells (Park et al., 2022). Moreover, ginsenoside Rh2 can reduce the drug resistance of BC by targeting miR-222, miR-34a and miR-29a to down-regulate the expression of target gene Bax (Wen et al., 2015). According to reports, ginsenoside Rd can down-regulate the expression of Smad2 by targeting miR-18a, thereby inhibit the metastasis and invasion of BC cells (Wang et al., 2016). Ginsenoside Rg3 can activate oncogenic CHRM3 and DACH1 by downregulating ATXN8OS-mediated miR-424-5p, thereby inhibiting BC cells proliferation (Kim et al., 2021). It has been reported that ginsenosides Rg3 can block the occurrence of EMT in ovarian cancer cells by targeting miR-145, which has been shown to play an important role in inhibiting the migration and invasion of BC cells by directly targeting the angiopoietin 2 gene (ANGPT2) of BC cells (Li et al., 2017; Liu et al., 2017; Jiang et al., 2019; Tang et al., 2019). Therefore, we speculate that ginsenoside Rg3 inhibits the growth of BC cells by regulating miR-145, which needs further demonstrated.
TABLE 1 | Inhibition of ginsenosides on breast cancer cells through inducing cell cycle arrest and apoptosis, inhibiting proliferation, migration, invasion, autophagy, angiogenesis and EMT, etc.
[image: Table 1]TABLE 2 | Ginsenoside regulation of miRNAs in breast cancer.
[image: Table 2]It has been reported that ginsenosides Rg3 can block the occurrence of EMT in ovarian cancer cells by targeting miR-145, which has been shown to play an important role in inhibiting the migration and invasion of BC cells by directly targeting the angiopoietin 2 gene (ANGPT2) of BC cells (Li et al., 2017; Liu et al., 2017; Jiang et al., 2019; Tang et al., 2019). Therefore, we speculate that ginsenoside Rg3 inhibits the growth of BC cells by regulating miR-145, which needs further demonstrated. Moreover, ginsenoside Rg3 can improve gastric precancerous lesions by targeting miR-21 (Liu W. et al., 2020), which has been shown to regulate the proliferation and invasion of BC (Ali et al., 2020) and TNBC cells (Fang et al., 2017). Afterwards, we speculate that ginsenoside Rg3 targeting miR-21 to regulate the growth of BC and TNBC requires more clinical studies. Notably, targeting miR-126 expression has been shown to inhibit PI3K/AKT signaling activity and thereby inhibit BC cells growth (McGuire et al., 2015). Ginsenoside Rg1 can also inhibit NSCLC by targeting miR-126 to inhibit the PI3K/AKT pathway (Chen et al., 2022). Therefore, we speculate that ginsenoside Rg1 may regulate the PI3K/AKT pathway by targeting miR-126, thereby inhibiting the progression of BC, which needs more experiments to confirm. Numerous studies have shown that ginsenoside Rh2 can effectively inhibit IL-6-induced STAT3 phosphorylation and the expression of miR-214 in cultured normal colonic epithelial cells to relieve ulcerative colitis (Chen et al., 2021b). The regulation of miRNA-214 can also inhibit the biological activity of breast cancer cells (Ouyang et al., 2020). It can be speculated that ginsenoside Rh2 may inhibit the growth of BC by targeting miRNA-214.
In conclusion, ginsenosides have great potential as broad-spectrum anti-cancer drugs and effective chemosensitizers.
FUTURE PROSPECTS
Currently, surgery, radiotherapy and chemotherapy are the main methods used for clinical cancer treatment (Colli et al., 2017). However, serious toxic and side effects of chemoradiotherapy drugs and multidrug resistance (MDR) interfered with therapeutic effect. (Colli et al., 2017). Conversely, combination therapy can reduce the incidence of drug resistance in cancer cells by targeting different pathways, and can reduce toxicity by reducing the required dose of a single drug (Aumeeruddy and Mahomoodally 2019). It is reported that ginsenosides can inhibit the growth of cancer cells through different pathways and can be used as adjuvant drugs to suppress MDR and increase chemosensitivity (Hashemi et al., 2021).
Recently, studies have confirmed that ginsenosides can be used in combination with a variety of drugs to enhance the inhibitory effect on cancer cells or increase the sensitivity to traditional chemotherapy drugs (Choi et al., 2013). For example, ginsenoside Rb1 and apatinib work synergistically to enhance the inhibition of growth of pharyngeal cancer cells (Li Y. et al., 2022). Combination therapy of ginsenoside Rg3 and chemotherapeutics drugs against BC has been demonstrated. Such as, ginsenoside Rg3 in combination with sorafenib has been shown to enhance the inhibitory effect on hepatocellular carcinoma growth by modulating HK2-mediated glycolysis and PI3K/Akt signaling pathways (Wei et al., 2022), whereas in combination with paclitaxel (PTX) and cisplatin (DDP) can enhance the anti-esophageal squamous cell carcinoma effect (Chang et al., 2014). Moreover, ginsenoside Rg3 also enhance the chemotherapy sensitivity of DDP-resistant human lung cancer cell and PTX-resistant TNBC by downregulating MDR-mediated proteins (including P-glycoprotein (P-gp), multidrug resistance-related protein (MPR1) and lung resistance protein 1 (LPR1)) (Liu et al., 2018) and inhibiting NF-κB signaling pathway, respectively (Yuan et al., 2017). Another ginsenoside Rh2, has been shown that in combination with regorafenib and more effectively inhibit the proliferation of liver cancer cells by regulating the expression of caspase-3 gene (Wang P. et al., 2020). In consistently, ginsenoside Rh2 can also inhibit the growth of human prostate cancer cells in combination with 1α, 25-dihydroxyvitamin D3 (Ben-Eltriki et al., 2021). In addition, lower doses of ginsenoside Rh2 combined with biotea protein A inhibited the proliferation, metastasis and invasion of BC cells by upregulating the expression of p53, p38 and ASK1, which was consistent with the effect of single drug administration (Ren et al., 2018). While in vitro and in vivo studies have shown that ginsenoside Rh2 can significantly enhance the anti BC effect of doxorubicin and reduce cardiotoxicity during the treatment phase (Hou et al., 2022).
Emerging studies demonstrate that multiple ginsenosides exhibit significant anti-cancer activity in several cancers in vitro and in vivo. In this review, we summarize the molecular mechanisms of various ginsenosides in inhibiting BC, including targeting miRNAs and their roles in inhibiting BC cells proliferation, inducing cell cycle arrest and apoptosis, inhibiting metastasis and invasion, and triggering autophagy aspects of the role. In addition, ginsenosides can also be used in combination with chemotherapeutic drugs to increase the chemosensitivity of drug-resistant cancer cells and enhance the anti-BC effect of chemotherapeutic drugs. In particular, a variety of ginsenosides can exert anti-BC effects by targeting miRNAs, among which ginsenoside Rh2 has been widely identified. From this, we speculate that ginsenosides have great potential as broad-spectrum anti-cancer drugs and effective chemosensitizers. However, with the continuous accumulation of evidence, more clinical studies are urgently needed for ginsenosides in the anti-BC mechanism and in improving oral bioavailability.
In summary, this review summarizes the molecular mechanism of ginsenosides including PPD, PPT and other three saponins inhibiting BC, among which the PPD type is the most reported. Thus, ginsenosides have great potential as broad-spectrum anti-BC drugs and effective chemosensitizers.
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Resveratrol, a natural product, has demonstrated anti-tumor effects in various kinds of tumor types, including colon, breast, and pancreatic cancers. Most research has focused on the inhibitory effects of resveratrol on tumor cells themselves rather than resveratrol’s effects on tumor immunology. In this study, we found that resveratrol inhibited the growth of lung adenocarcinoma in a subcutaneous tumor model by using the β-cyclodextrin-resveratrol inclusion complex. After resveratrol treatment, the proportion of M2-like tumor-associated macrophages (TAMs) was reduced and tumor-infiltrating CD8T cells showed significantly increased activation. The results of co-culture and antibody neutralization experiments suggested that macrophage-derived IL-18 may be a key cytokine in the resveratrol anti-tumor effect of CD8T cell activation. The results of this study demonstrate a novel view of the mechanisms of resveratrol tumor suppression. This natural product could reprogram TAMs and CD8T effector cells for tumor treatment.
Keywords: resveratrol (CID: 445154), CD8+T cell, IL-18, bystander activation of T cells, tumor-associated macrophage, lung adenocarcinoma
INTRODUCTION
Natural products with free radical scavenging activity have shown potential for tumor treatment and prevention. Polyphenols include a large class of antioxidants, including flavonoids, anthocyanins, phenolic acids, lignans, and stilbenes. These compounds are all derived from phenylalanine and contain aromatic rings with active hydroxyl groups (Dixon, 2001). Resveratrol, a member of the stilbene subclass, is a type of defensive molecule called phytoalexin, which can prevent infection and damage caused by exposure to ultraviolet (UV) irradiation. Resveratrol and its analogs have been identified in several edible natural products such as grapevine, peanut (Arachis spp.) (Sanders et al., 2000), berries (Rimando et al., 2004), and rhubarb (Rheum spp.) (Matsuda et al., 2001).
As a health care product, resveratrol has been widely confirmed to be safe. Moreover, substantial evidence has shown that resveratrol and its analogs exert cardiovascular protective effects by anti-inflammatory activities and scavenging free radicals generated by oxidation (Ashraf et al., 2015). Recently, resveratrol has also been widely assessed in tumor growth inhibition studies. The anti-tumor effects of resveratrol were first reported in 1997 (Jang et al., 1997). Since then, the antioxidative, anti-inflammatory, anti-proliferative, and anti-angiogenic effects of resveratrol have been extensively studied. Recent reports have shown that resveratrol inhibits the proliferation of several cancers, including colon cancer, breast cancer, pancreatic cancer, prostate cancer, ovarian cancer, and lymphoma through different pathways (Ulrich et al., 2006; Bjorklund et al., 2011; Frazzi et al., 2013).
Resveratrol is considered to directly inhibit cell proliferation by inducing tumor cell senescence (Yang et al., 2013), modulating sub-pools of sphingolipids (Signorelli et al., 2009; Shin et al., 2012), or inducing apoptosis (Aggarwal et al., 2004; Savio et al., 2022). Mechanistically, resveratrol can inhibit PKC (Atten et al., 2001) or MEK1/2-ERK1/2-c-Jun (Aquilano et al., 2009) activity. Reports have also demonstrated that resveratrol can also exert anti-tumor effects by affecting other cells, including immune cells (Chhabra et al., 2021; Mu and Najafi, 2021), stromal cells (Guo et al., 2021) and cancer stem-like cells (Pradhan et al., 2021) in tumors.
Lung cancer is the leading cause of cancer deaths (18.0% of total cancer deaths) (Sung et al., 2021). Lung adenocarcinoma accounts for about 40% of the total number of lung patients. At present, chemotherapy for lung adenocarcinoma has a high effective rate and a significantly improved survival rate. The incidence of EGFR, ALK, and other sensitive mutations in lung adenocarcinoma is also significantly higher than that in other lung cancers. However, the 5-year survival rate for stage II lung adenocarcinoma is only 40–50%. The 5-year survival rates for stage 3A and 3B disease are 25%–30%, and 5%–17%, respectively. The prolongation of the survival time of patients with lung adenocarcinoma by using new tumor treatment methods is a key question for lung adenocarcinoma research. Effective drugs with fewer side effects are needed. In this study, we evaluated the potential of resveratrol for the treatment of lung adenocarcinoma by investigating the changes in the activation of innate and adaptive immune cells during tumor treatment.
MATERIALS AND METHODS
Cell lines
Lewis lung carcinoma (LLC) cells were obtained from American Type Culture Collection (ATCC). The LLC cell line was established from the lung of a C57BL mouse bearing a tumor resulting from the implantation of primary LLC. The cell line is highly tumorigenic and is primarily used to model metastasis and evaluate the efficacy of chemotherapeutic agents in vivo (Sakai et al., 2006). THP-1 cells were also obtained from ATCC. THP1 is a human leukemia monocytic cell line that has been extensively used to study monocyte/macrophage function (Chanput et al., 2014). Finally, the RAW 264.7 murine macrophage cell line was obtained from Procell Life Science & Technology Co., Ltd., LLC. The Raw264.7 cells were maintained in DMEM+10% FBS+1% P/S/ The THP1 cells were maintained in RPMI-1640 + 10% FBS+1% P/S. All cell lines were cultured in 5% CO2 at 37°C.
Resveratrol-βcd preparation
β-Cyclodextrin-resveratrol inclusion complex was prepared as previously described, with some modifications (Venuti et al., 2014). Sulfobutylether-β-cyclodextrin (Captisol, βcd, Shanghai Chineway Pharmaceutical Tech. Co., Ltd.) was solubilized in water at room temperature and added to an amount of resveratrol (MCE, HY-16561) exceeding its intrinsic solubility. The mix was sonicated in a water bath and then stirred. The suspension was filtered through 0.22 μm filters and freeze-dried. The stoichiometry of the complex was confirmed using Job’s plotting method. A maximum value at R = 0.5 and a symmetrical shape indicated a 1:1 complex. The water solubilities of the resveratrol and the resveratrol-βcd complex were determined by suspending excess drug amounts in 10 ml water and stirring at 25 ± 0.1°C for 24 h. The suspensions were then filtered through 0.22 μm filters and analyzed by UV–vis spectroscopy at 305 nm.
CCK8 assay
CCK8 (Solarbio, CA1210) was used for the analysis of cell proliferation according to the manufacturer’s instructions. Briefly, cells were seeded in 96-well plates and treated with different drugs, then placed in a 37°C, 5% CO2 incubator for pre-culture. For the analysis of CD8T cell proliferation, the upper layer of co-culture was collected and centrifuged at 500 g for 5 min to collect the cell pellets, which were then resuspended in 100 μl of culture medium and added to a 96-well plate. Next, 10 µl of CCK-8 solution was added to each well. The culture plates were incubated at 37°C for 60 min. The absorbance at 450 nm was measured using a microplate reader.
Development and treatment of the lung adenocarcinoma subcutaneous tumor model
Six to eight-week-old C57BL/6J mice were purchased from GemPharmatech Co., Ltd. The study protocols were approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University. To construct the tumor subcutaneous model, each mouse was shaved and subsequently subcutaneously inoculated with 106 LLC cancer cells. After the tumor volume reached 300 mm3, 5 mg/kg resveratrol-βcd was injected peritumorally every 2 days. The resveratrol-βcd injection site was sterilized with 70% alcohol, the injection needle was inserted obliquely, and the drug was injected 3–5 mm under the skin. Syringe draw-back was avoided and the volume for each injection did not exceed 50 μl to avoid necrosis. The mice were sacrificed when the tumor volumes reached approximately 2000 mm3 (tumor volume = 1/2 × a × b2; a = length and b = width). The tumor tissues were collected for subsequent experiments.
Flow cytometry
The following antibodies were used for the analysis of tumor infiltration by immune cells: CD45 -eFluor 450 (eBioscience 48-0451-82), CD11b-APC cy7 (eBioscience 47-0112-82), F4/80-PE (eBioscience 12-4801-82), CD8-PE cy7 (eBioscience 25-0081-82), CD4-FITC (eBioscience 11-0042-85), IFNgama-APC (eBioscience 17-7311-82), CD206-APC (eBioscience 17-2061-82). Single-cell suspensions were prepared from the tumor tissues after homogenization or from culture suspension cells. For staining, 100 μl of single-cell suspensions were incubated with antibodies for 30 min. Individual single-color controls were prepared for compensation adjustment. After staining, the samples were washed twice with PBS and resuspended in 600 μl PBS. Flow cytometry data were acquired using a CytoFLEX LX system (Beckman Coulter). FlowJo version 10.0 was used for data analysis. The absolute numbers of CD8+ T cell or macrophage numbers per gram of tumor were the corresponding cell counts from 60 μl of cell suspension (10% of total volume) divided by the tumor weight. The gating strategy is described in each figure’s caption. An example of the gating strategy is given in Supplementary Figure S1.
Cell apoptosis assay
The Annexin V-FITC/PI Kit (Yeasen Biotechnology, Shanghai) was used for the cell apoptosis assay according to the manufacturer’s instructions. Briefly, treated LLC cells were digested with EDTA-free trypsin and harvested by centrifugation at 200 g at 4°C for 5 min. Trypsin digestion time was controlled to prevent false positives. The cells were washed with pre-cooled PBS twice at 200 g at 4°C for 5 min. The cells were then resuspended in 100 μl of 1× Binding Buffer. Next, 5 μl Annexin V-FITC and 10 μl PI Staining Solution were added. The cells were stained in the dark and at room temperature for 15 min. Next, 400 μl of 1×Binding Buffer was added to the samples and cell apoptosis was detected by flow cytometry within 1 h.
A commercial TUNEL Apoptosis Detection Kit (Alexa Fluor 488) (Yeasen Biotechnology, Shanghai) was used for the analysis of subcutaneous tumor apoptosis. The tumor tissues were embedded in paraffin and sectioned. The sections were immersed in xylene for 5 min twice at room temperature to completely remove the paraffin. The sections were then soaked in 100% ethanol for 5 min at room temperature and then in a 90, 80, and 70% ethanol gradient for 3 min each. The sections were then gently rinsed with PBS. Next, 100 μl of Proteinase K solution at 20 μg/ml was added to each sample and incubated at room temperature for 20 min. The samples were then rinsed three times with PBS solution and the excess liquid was gently removed. Next, 100 μl of 1× Equilibration Buffer was added to each sample to completely equilibrate the sample area and then incubated for 30 min. After removal of the Equilibration Buffer, 50 μl of TdT Incubation Buffer was added to the sample and incubated at 37°C for 60 min in the dark. The samples were then washed three times with PBS and the slides were immersed in a staining tank containing DAPI solution (2 μg/ml, freshly prepared and diluted with PBS) in the dark for 5 min. The samples were then washed three times with deionized water, and 100 μl PBS was added to the sample area to keep the samples moist. The samples were immediately analyzed under a fluorescence microscope.
Cell senescence analysis
At 1–7 days after resveratrol-βcd treatment, the cells were digested with EDTA-free trypsin and harvested by centrifugation at 200 g at 4°C for 5 min. Next, they were washed with PBS, and flow cytometry was performed using p16 as a marker of cell senescence. After 30 min of incubation with p16INK4a antibody (ThermoFisher, PA5-119712), the cells were stained with Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody at a 1:2000 dilution for 30 min. Flow cytometry data were acquired on a CytoFLEX LX system (Beckman Coulter). FlowJo version 10.0 was used for data analysis. For β-gal analysis, a commercial Senescence β-Galactosidase Staining Kit (Beyotime Biotechnology) was used according to the manufacturer’s instructions. Cells in 24-well culture dishes were washed once with PBS. Next, 250 μl β-galactosidase staining fixation solution was added and the samples were incubated for 15 min at room temperature. After fixation, the cells were washed three times with PBS for 3 min each. Next, 250 μl of staining working solution was added to each well and the plates were incubated overnight at 37°C. The plates were sealed with Parafilm or plastic wrap to prevent evaporation. The results were observed and counted by light microscopy.
Macrophage polarization and CD8T cell separation
Macrophage polarization was performed as previously described (Smith et al., 2015). Briefly, 10 ng/ml PMA was first used to activate THP1 cells for 24 h, making the cells adhere to the plate wall as M0 macrophages. The M0 macrophages were further activated with LPS or IL-4+IL-13 to polarize to M1 or M2 for subsequent experiments. The polarized macrophages were washed three times with serum-free culture medium and then co-cultured with separated CD8T cells. In some co-culture experiments, an anti-hIL18 antibody (InvivoGen) was added to neutralize IL-18 in the culture. A CD8a+ T Cell Isolation Kit (Miltenyi, 130-104-075) was used for CD8T cell separation according to the manufacturer’s instructions. For spleen or tumor CD8T cell isolation, tissue homogenization was performed first. Red Blood Cell Lysis Buffer (Beyotime Biotechnology, C3702) was then used to lyse the red blood cells, followed by CD8T cell purification. Purified CD8T cells were identified by flow cytometry as >90% isolated cells with CD8+ phenotypes.
Enzyme-linked immunosorbent assay (ELISA)
The ELISA assays used 50 μl of culture supernatant after centrifugation at 16,000 g at 4°C for 10 min. The mouse cytokines IL-12 (Biolegend 431704), Il-15 (Biolegend 435104), and IL-18 (Elabscience) were used according to the manufacturers’ instructions. Mouse IL-10 ELISA (Biolegend, 431414), Mouse TNFα ELISA (Biolegend, 430901), and Mouse IL-12p70 ELISA (Biolegend, 433604) were used for intratumor cytokine analysis. For the THP-1 supernatant experiment, Human IL-10 ELISA (Biolegend, 430604) and human IL-6 ELISA (Biolegend, 430504) were used for macrophage polarization analysis. The chemiluminescent signals were measured at 450 nm.
Quantitative PCR (qPCR)
Total RNA was extracted using a Total RNA Extraction Kit (Solarbio, R1200) according to the manufacturer’s instructions. cDNA was synthesized using the TransScript® Uni All-in-One First-Strand cDNA Synthesis mix (TransGen Biotech, AU341-02). Quantitative PCR (qPCR) was performed using a qPCR Mix (Takara). The relative expression levels of genes were determined using the 2−ΔΔCt method and normalized to h β-actin expression levels. The gene-specific PCR primers are listed below:
IL6: F: ACT​CAC​CTC​TTC​AGA​ACG​AAT​TG; R:CCATCTTTGGAAGGTTCAGGTTG;
TNF: F: CCT​CTC​TCT​AAT​CAG​CCC​TCT​G; R: GAG​GAC​CTG​GGA​GTA​GAT​GAG;
IL10: F: GAC​TTT​AAG​GGT​TAC​CTG​GGT​TG; R: TCA​CAT​GCG​CCT​TGA​TGT​CTG;
MRC1: F: TCC​GGG​TGC​TGT​TCT​CCT​A; R: CCA​GTC​TGT​TTT​TGA​TGG​CAC​T;
h β-actin, F: ACT​CTT​CCA​GCC​TTC​CTT​CC; R: CGT​ACA​GGT​CTT​TGC​GGA​TG;
Statistical analysis
Data were analyzed using GraphPad 9.0 software. Student’s t-tests or one-way ANOVA were used to analyze the significance of differences between groups. P < 0.05 was considered statistically significant. ****p < 0.0001, ***p < 0.001; **p < 0.01; *p < 0.05.
RESULTS
Resveratrol-βcd induces lung adenocarcinoma cell apoptosis and senescence in vitro
Due to the low solubility of resveratrol in water, its bioavailability is quite low. Previous studies have reported that inclusion complexes formed by resveratrol-loaded glutathione responsive cyclodextrin nanosponges can increase the water solubility of resveratrol (Palminteri et al., 2021), Therefore, this study used a β-cyclodextrin-resveratrol inclusion complex to improve the resveratrol solubility. The water solubility of resveratrol-β-cyclodextrin (resveratrol-βcd) increased from 0.026 mg/ml to 0.967 mg/ml, with a rapid dissolution rate (Supplementary Figure S2).
As reported previously, resveratrol can induce tumor cell apoptosis or senescence. Therefore, we first analyzed the therapeutic mechanism of resveratrol-βcd on tumor cells in vitro. First, we treated LLC (a lung adenocarcinoma cell line) with 0-50 μM resveratrol-βcd in vitro and analyzed cell proliferation at 24, 48, and 72 h post-treatment. The results showed that resveratrol-βcd inhibited tumor growth at 10 μM (Figure 1A). Analysis of apoptosis and senescence after resveratrol-βcd treatment showed that only about 6% of the cells showed apoptosis (both early and late stages) 48 h after treatment (Figures 1B,C). At 72 h after treatment, the level of apoptosis reached approximately 15%. We further analyzed cell senescence by flow cytometry using p16 as a maker of senescence. At 7 days post-treatment, the LLC cells had developed a senescence phenotype (Figures 1D,E). The β-gal analysis showed a similar trend in cell senescence as that observed in flow cytometry analysis (Figures 1F,G). However, the β-gal-positive cell ratio was quite low compared to the p16+ ratio. Thus, resveratrol-βcd showed a modest effect on cell senescence. To minimize the effects of the drug on the mice, we evaluated the side effects of different doses of resveratrol-βcd in vivo. Subcutaneous injections of resveratrol-βcd were administered every 2 days. At a concentration of 10 mg/kg, the body weight of mice decreased by about 10%, and reduced liver and renal function were observed (Figure 1H, Supplementary Figure S3).
[image: Figure 1]FIGURE 1 | Evaluation of resveratrol-βcd anti-tumor effects in vitro. (A) CCK-8 assessment of the inhibitory effects of resveratrol-βcd or resveratrol or an equal volume of cyclodextrin on cell proliferation at the indicated times and concentrations. The heatmap values are the average values of three replicates. (B) Typical diagram of apoptosis flow cytometry after treatment of LLC cells with 10 μM resveratrol-βcd at different time points. (C) Statistical results of apoptosis at the indicated times. Error bar = mean ± S.D. (D) Typical flow cytometry diagram of LLC cell senescence analysis after treatment with 10 μM resveratrol-βcd for the indicated times. p16 was used as the marker of senescence. (E) Statistical results of the senescence analysis. Error bar = mean ± S.D. (F) Typical β-gal graph of LLC cells after treatment with 10 μM resveratrol-βcd at the indicated times. Cyan-stained cells were considered positive for senescence. Scale bar = 50 μm; positive cells per 103 cells were counted. (G) Statistical results. Error bar = mean ± S.D. (H) Time course of mouse body weight after treatment with the indicated concentrations of resveratrol-βcd. Error bar = mean ± S.D., n = 5.
Resveratrol-βcd activated tumor-infiltrating CD8T cells significantly inhibited subcutaneous tumor growth
We used a murine subcutaneous lung adenocarcinoma model to evaluate the therapeutic effects of resveratrol-βcd (Figure 2A). As shown in Figure 1H, we chose 5 mg/kg resveratrol-βcd for tumor treatment and performed peritumoral injections every 2 days. Compared to the control group, the mice in the treatment group showed obvious tumor inhibition (Figure 2B). On the 17th day after treatment, we sacrificed the mice (Figure 2C). A TUNEL analysis showed increased apoptosis in the treatment group (Figure 2D). In the group administered resveratrol-βcd, the tumor mass was 82% lower (Figure 2E). However, this inhibitory effect only lasted for approximately 10–14 days. In the survival experiment, the resveratrol-βcd-treated mice reached the humane endpoint at about 40 days, about 10 days longer than that in the control group (Figure 2F). Our analysis of the immune cells in the tumor environment on the 17th day after treatment showed that almost all CD8T cells in the tumor were activated in the treatment group (Figures 2G,H); however, the ratio of CD8T cells was significantly decreased (Figures 2I,J). These results suggested that resveratrol may have inhibited tumor growth by activating tumor-infiltrating CD8T cells.
[image: Figure 2]FIGURE 2 | Resveratrol-βcd activates tumor-infiltrating CD8T cells against lung adenocarcinoma. (A) A graphical representation showing the timeline of in vivo experiments. A total of 106 LLC cells were inoculated into the right flank of mice. Approximately 10 days post-inoculation, the tumor volume reached around 300 mm3 and drug administration began. The first day of drug administration was recorded as Day 0 post-treatment. Paratumoral injections were administered every 2 days until reaching the humane endpoint. (B) Resveratrol-βcd, equivalent to 5 mg/kg resveratrol, was injected adjacent to the tumor every 2 days, while the control group received the same amount of βcd. The results showed significant inhibition of tumor growth in the treatment group (n = 5). (C) Typical images of tumors after the mice were sacrificed 17 days after treatment. (D) A typical graph of TUNEL analysis of tumor apoptosis 17 days after treatment. Scale bar = 50 μm. (E) The mean tumor masses after dissection were 0.126 g and 0.666 g in the treatment and control groups, respectively. Error bar = mean ± S.D., n = 5; *p = 0.014. (F) Survival curves of the resveratrol-βcd and control groups. All mice in the control group reached the humane endpoint at 29 days post-treatment, compared to 40 days in the resveratrol-βcd group. n = 5. (G) Typical flow cytometry diagram of CD8T activation in tumors. The cells were CD45+CD8+ gated. (H) CD8T cell activation in the treatment and control groups. Error bar = mean ± S.D., ****p < 0.0001. (I) Typical flow cytometry diagram of CD4T and CD8T cells in tumors. The cells were CD45+ gated. (J) The ratio of CD8T in the treatment and control groups. Error bar = mean ± S.D., **p < 0.01.
Tumor-associated macrophages showed a polarization switch during resveratrol-βcd treatment
The levels of tumor-associated macrophages (TAMs) decreased significantly in resveratrol-βcd treated mice (Figures 3A,B). Using CD206 as a marker of M2-like macrophages, a decreased proportion of M2 macrophages was also observed in the treated group (Figures 3C,D). The number of M2-like macrophages decreased by 42.4% in the treatment group compared to that in the control group (Figure 3E), while the numbers of M1-like macrophages were similar in the treatment and control groups (Figure 3F). Previous studies showed that resveratrol can activate M2 macrophages and show anti-inflammatory effects (Liu et al., 2019; Yu et al., 2019; Ma et al., 2020). We used resveratrol-βcd to treat M1 or M2 macrophages derived from THP1 to determine the effects of resveratrol-βcd on macrophage polarization. The results showed that resveratrol-βcd indistinctly but directly activated THP-1 derived M1 macrophages in a dose-dependent manner (Figures 3G,H) and that IL-6 protein and transcription levels show consistent trends after treatment (Figure 3I). After resveratrol-βcd treatment, the activation levels of different typical markers of M2-like macrophages were not consistent (Figures 3J–L). Resveratrol-βcd had almost no effect on IL10 transcription levels; however, IL-10 levels increased significantly in the supernatant (Figure 3L). MRC1(CD206) transcription levels decreased by 34% after treatment with 50 μM resveratrol-βcd (Figure 3K).
[image: Figure 3]FIGURE 3 | Resveratrol-βcd switch tumor-associated macrophage M2-type polarization. (A,C) Typical flow cytometry diagram of TAM (CD11b+F4/80+) or M2 macrophages (CD11b+F4/80+ CD206+). The cells were CD45+ gated. (B,D) The proportions of TAM or M2-like macrophages in the treatment and control groups. Error bar = mean ± S.D. ***p < 0.001. ****p < 0.0001. (E) The numbers of M2-like and (F) M1-like (CD206-F4/80+CD11b+) macrophages per tumor gram. **p < 0.01. (G) THP1 as the control group and THP1-derived M1 macrophages treated with resveratrol-βcd at the indicated concentrations. TNF and (H) IL6 transcript levels and (I) IL-6 levels in the medium 48 h after treatment were measured to identify M1 polarization. Error bar = mean ± S.D. (J) MRC1, (K) IL10, and (L) IL-10 levels 48 h after treatment with the indicated concentration of resveratrol-βCd. Error bar = mean ± S.D.
Resveratrol-βcd activates CD8+ T cells through macrophage-derived IL-18
We co-cultured Raw 264.7-derived M1 (LPS) or M2(IL-4+IL-13) with spleen-derived CD8T cells in different concentrations of resveratrol-βcd and analyzed CD8T cell activation. CD8T cells were partially activated under 5 μM resveratrol-βcd (Figure 4A). Moreover, M1 macrophages elicited significantly higher levels of CD8T activation compared to M2 macrophages (Figure 4A). However, these activation levels (40%) were not consistent with the results observed in the tumor (Figure 2H), which showed >90% activation. This difference might be due to the specificity of tumor-infiltrating CD8T cells. Therefore, we sorted tumor-infiltrating CD8T cells from mice LLC tumors for co-culture. The results showed that tumor-derived CD8T was significantly activated with macrophages and 10 μM resveratrol-βcd (Figure 4B), indicating that tumor-derived CD8T cells had a phenotype that could be activated by macrophages. Interestingly, CD8T cells barely proliferated after co-culture, and the cell population decreased even in culture with resveratrol-βcd (Figure 4C). Our analysis of IL-12, IL-15, and IL-18 levels, which are associated with CD8T activation, in the macrophage culture medium 48 h after resveratrol-βcd treatment showed that IL-12 and IL-15 levels were not significantly increased in M0, M1, or M2 macrophages (Figure 4D), while IL-18 levels were greatly increased in both M1 and M2 macrophages. In the tumors, IL-10 and IL-18 levels also increased 4 days after the first treatment (Figure 4E). An antibody neutralization experiment was performed to clarify the role of macrophage-derived IL-18 in CD8T activation. The addition of 10 μg/ml αIL-18 (anti-IL-18 antibody) to the medium reduced the IL-18 level to approximately 10 pg/ml (Figure 4F) and significantly inhibited CD8T cell activation (Figure 4G). These results suggested that IL-18 is a factor involved in resveratrol-βcd-induced CD8T cell activation through macrophages.
[image: Figure 4]FIGURE 4 | Resveratrol-βcd induced macrophages to secrete IL-18 and promote CD8T bystander activation. (A) CD8T activation in co-cultured Raw264.7-derived M1 or M2 macrophages with the indicated resveratrol-βcd and CD8T cells derived from the spleen. Error bar = mean ± S.D. (B) Activation of tumor-derived CD8T cells and cell proliferation (C) in co-culture with M1 macrophages or M1 macrophages + resveratrol-βcd. Error bar = mean ± S.D. (D) M1 or M2 macrophages were activated and incubated with the indicated resveratrol-βcd concentrations for 48 h. The levels of IL-12, IL-15, and IL-18 in the supernatant were analyzed by ELISA. (E) Subcutaneous tumors were harvested 4 days after the first treatment. The intratumoral cytokine levels were measured by ELISA. n = 5. Error bar = mean ± S.D. (F) IL-18 in the supernatant of M1 macrophages was neutralized by the indicated anti-IL-18 antibody (αIL-18) and the effect of neutralization was analyzed. Error bar = mean ± S.D. (G) After neutralization, M1 macrophages treated with resveratrol-βcd were co-cultured with spleen-derived CD8Ts. CD8T activation was analyzed 24 h after co-culture. Error bar = mean ± S.D., **p < 0.01, ***p < 0.001.
DISCUSSION
Immune cells are highly abundant in the tumor microenvironment of lung adenocarcinoma. CD8T cells are the most important type of immune cells involved in tumor immunity and have direct cytotoxic effects. Regarding CD8T cell activation, in addition to the classical TCR pathway mediated activation, there also exists a bystander mode of activation. Various types of human cancers show many CD8+ T cells without tumor antigen specificity (Simoni et al., 2018). This type of CD8T cell can be activated in a T-cell receptor-independent, cytokine-dependent manner. The cytokines that can participate in the bystander activation of CD8T cells include type I interferon (Tough et al., 1996), interleukin-18 (Freeman et al., 2012), and interleukin-15 (Kim et al., 2018). Bystander-activated CD8T cells are cytotoxic and secrete cytokines such as interferon-γ to perform their effects; however, bystander activation is nonspecific and tends to promote T cell activation rather than proliferation. The results of the present study demonstrated a significant increase in the level of T cell activation after treatment but a significant decrease in the absolute number of T cells. This indicated that resveratrol-βcd may activate T cells through bystander activation. Cytotoxic activity and the production of TNFα and IFN-γ are the main mechanisms of the CD8+ T cell-mediated tumor cytotoxic effect. Both IFN-γ and TNF-α can be induced when CD8+ T cells are stimulated with peptide antigens. However, during bystander activation, CD8+ T cells only produce IFN-γ, rather than TNFα (Beadling and Slifka, 2005). Resveratrol reportedly attenuates the proliferative effect of TNF-α on CD8T cells in vitro (Silva et al., 2014), likely because resveratrol can activate and cause the apoptosis of CD8T via the bystander pathway.
In addition, macrophages are among the most abundant immune cells in tumors. TAMs usually exhibit M2-like polarization, which is associated with tumor immune escape, angiogenesis, and invasion during tumor development. TAMs mainly play a role in tumor immunosuppression during the development of lung adenocarcinoma. This immunosuppressive effect is partly caused by crosstalk with CD8T cells.TAM can express PD-L1, PD-L2, and CTLA-4 ligands CD80 and CD86. These immune checkpoints mainly target CD8 T cells and lead to the inhibition of CD8T cytotoxic effects. TAM also plays an important role in CD8+ T cell infiltration in malignant tumors (Wynn and Barron, 2010; Jiang et al., 2017). In vivo studies showed that TAM-derived TGF-β inhibited T cell-mediated tumor clearance (Thomas and Massague, 2005). The neutralization of TGF-β by an antagonist upregulated cytotoxic gene expression in CD8+ T cells in a mouse model (Thomas and Massague, 2005). TAM also modulated T cell metabolism (Noy and Pollard, 2014; Proto et al., 2018).
Infectious disease studies reported that resveratrol activates M2 macrophages (Liu et al., 2019; Yu et al., 2019; Ma et al., 2020) and reduces the proportion of M1 macrophages (Shabani et al., 2020; Cheuk et al., 2022). Resveratrol inhibits macrophage infiltration and IL-6 secretion during infection (Li et al., 2020). These findings suggest that resveratrol may alleviate the suppressive state of T cells in the tumor environment by altering macrophage polarization or attenuating macrophage M2 polarization. Resveratrol and its analogs can inhibit hematological tumors in vitro (Anisimova et al., 2011). Resveratrol has a concentration-dependent bidirectional function: while it significantly activates NK cells at low concentrations, it shows inhibitory effects at high concentrations (Falchetti et al., 2001). Resveratrol also slightly inhibits the production of interleukin-10 by approximately 10% and monocyte chemoattractant protein-1 production by approximately 50% in M2 macrophages, while promoting the production of transforming growth factor-β1 (Kimura and Sumiyoshi, 2016). The results of the present and previous studies suggest that resveratrol likely inhibits macrophage polarization, reduces cytokine secretion, and indirectly promotes T cell activation.
In conclusion, we used a subcutaneous tumor model of lung adenocarcinoma to evaluate the antitumor effects of resveratrol. The results demonstrated the anti-tumor effects of resveratrol at concentrations that did not affect the normal physiological activity of mice. In addition to its direct inhibitory effect on tumor cell growth, resveratrol also indirectly activated T cells by switching macrophage polarization. Macrophage-derived IL-18 may be a key bystander activation cytokine during resveratrol treatment. During treatment, the proportions and immune state of macrophages and T cells within the tumor environment showed obvious changes, suggesting that resveratrol could switch the tumor immune microenvironment, reverse the immunosuppression state of these immune cells, and activate CD8 T cells, thus providing an anti-tumor effect. The reduced proportion of T cells during treatment suggested further research to assess the combination of resveratrol with immune stimulators such as IL-2 to potentially improve the therapeutic effect.
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Facilitative glucose transporters (GLUTs), which are encoded by solute carrier 2A (SLC2A) genes, are responsible for mediating glucose absorption. In order to meet their higher energy demands, cancer cells are more likely than normal tissue cells to have elevated glucose transporters. Multiple pathogenic processes, such as cancer and immunological disorders, have been linked to GLUTs. Few studies, meanwhile, have been conducted on individuals with lung adenocarcinoma (LUAD) to evaluate all 14 SLC2A genes. We first identified increased protein levels of SLC2A1, SLC2A5, SLC2A6, and SLC2A9 via HPA database and downregulated mRNA levels of SLC2A3, SLC2A6, SLC2A9, and SLC2A14 by ONCOMINE and UALCAN databases in patients with LUAD. Additionally, lower levels of SLC2A3, SLC2A6, SLC2A9, SLC2A12, and SLC2A14 and higher levels of SLC2A1, SLC2A5, SLC2A10, and SLC2A11 had an association with advanced tumor stage. SLC2A1, SLC2A7, and SLC2A11 were identified as prognostic signatures for LUAD. Kaplan-Meier analysis, Univariate Cox regression, multivariate Cox regression and ROC analyses further revealed that these three genes signature was a novel and important prognostic factor. Mechanistically, the aberrant expression of these molecules was caused, in part, by the hypomethylation of SLC2A3, SLC2A10, and SLC2A14 and by the hypermethylation of SLC2A1, SLC2A2, SLC2A5, SLC2A6, SLC2A7, and SLC2A11. Additionally, SLC2A3, SLC2A5, SLC2A6, SLC2A9, and SLC2A14 contributed to LUAD by positively modulating M2 macrophage and T cell exhaustion. Finally, pathways involving SLC2A1/BUB1B/mitotic cell cycle, SLC2A5/CD86/negative regulation of immune system process, SLC2A6/PLEK/lymphocyte activation, SLC2A9/CD4/regulation of cytokine production might participate in the pathogenesis of LUAD. In summary, our results will provide the theoretical basis on SLC2As as diagnostic markers and therapeutic targets in LUAD.
Keywords: SLC2As, lung adenocarcinoma, diagnostic maker, therapeutic targets, glucose transporters
INTRODUCTION
Lung adenocarcinoma (LUAD), the most prevalent NSCLC subtype, has a high morbidity and mortality rate that makes it a global public health concern (Liu et al., 2015). Even though traditional treatment approaches involving curative resection, targeted therapy, or immunotherapy have seen enormous advancements in recent years, it is crucial to comprehend the molecular pathogenesis and etiology of LUAD to develop new prognostic and therapeutic targets for LUAD (Tong et al., 2018).
Tumor cells exhibit a distinct metabolism from normal cells, converting to higher glycolysis demands (the Warburg effect) and glucose intake for ATP synthesis to meet their energy needs. Facilitative glucose transporters (GLUTs), which are encoded by 14 SLC2A genes, are responsible for mediating this process. Based on function and sequence similarity, these transporters can be divided into three groups. Additionally, they differ in terms of tissue location and their affinity for the substrate (glucose and other hexoses like fructose). GLUT-1-4 and GLUT-14 are classified as Class 1 GLUTs, whereas GLUT-5, GLUT-7, GLUT-9, and GLUT-11 are Class 2 GLUTs. GLUT-6, GLUT-8, GLUT-10, GLUT-12, and GLUT-13 (H(+)-myo-inositol transporter HMIT) are classified as Class 3 GLUTs (Cura and Carruthers, 2012). Several clinical diseases, including cancer and autoimmune illness, are associated with SLC2As (Hu et al., 1999; Macintyre et al., 2014; Yin et al., 2015; Jodeleit et al., 2018; Tilekar et al., 2020a). Previous research has determined the upregulation of SLC2As and their roles in certain malignancies. Additionally, numerous types of researches have focused on GLUT-inhibitors to slow the growth of tumors (including breast cancer, osteosarcoma, and NSCLC) and other proliferative illnesses (Sanli et al., 2010; Storozhuk et al., 2012; Storozhuk et al., 2013; Hardie and Ashford, 2014). GLUT inhibitors have shown encouraging results in the treatment of tumors, particularly when combined with other chemotherapy, radiation, immunotherapy, pathway-specific oncogenic-targeted medicines, other anti-metabolic, or epigenetic medications (Granchi et al., 2016). However, off-targets and low potency, which is a result of cancer cell potency to adopt alternative strategies for glucose supply, still exist (Tilekar et al., 2020b). Additionally, in specific tumor forms, glucose uptake does not coincide with GLUT-1 expression, suggesting the participation of other transporters. To put it another way, GLUT-1 may have an impact via working with other GLUTs. All these reports serve as a reminder that to evaluate the transport members’ roles in a particular cancer type, they must be considered as a whole. The same is true for LUAD; we could only reliably anticipate outcomes and identify patients who would respond better to particular GLUT inhibitors if we thoroughly evaluated the metabolic profiles in LUAD.
To explore the molecular landscape of LUAD patients, we first evaluated the DNA methylation, mRNA, and protein levels of 14 SLC2As in this study. Then, to better grasp the potential of SLC2As as diagnostic biomarkers and prognosis indicators of LUAD, we further investigated the relationship between the expressions of 14 SLC2As and clinical data. A theoretical foundation for SLC2As as therapeutic targets in LUAD is provided by our exploration of the molecular mechanisms that SLC2As contribute to the pathophysiology of LUAD.
MATERIALS AND METHODS
Ethic statement
Samples of tumor tissues and adjacent tissues were taken from 6 LUAD patients from The First Hospital of Jilin University. Each participant gave their written informed consent in accordance with the principles of the Declaration of Helsinki. Additionally, the hospital’s institutional ethics committee gave its approval for this investigation.
Transcriptional level of SLC2As analysis via ONCOMINE and UALCAN database
ONCOMINE (Rhodes et al., 2004) is the largest integrated database mining platform and cancer gene chip database. The difference in SLC2A mRNA expression between LUAD patients and healthy lung tissues was examined. The p threshold was set at 1E-4 and the fold change threshold was set at 2. UALCAN (Chandrashekar et al., 2017) is a comprehensive online analytic tool that uses RNA-seq and clinical data from 31 different cancer types from the TCGA database. The SLC2As mRNA expression profiles and DNA methylation levels in individuals with LUAD were compared to those in healthy tissues using the UALCAN database. Additionally, the UALCAN database was used to evaluate the relationship between the expression of SLC2As and clinicopathologic characteristics. The p-value was calculated using Student’s t-test, and the threshold was set at 0.05.
Analysis of SLC2As protein levels using the human protein altas database
The Human Protein Altas (HPA) (Uhlén et al., 2015) is a website that allows users to investigate each protein’s expression level and location in 20 cancer types that are extremely prevalent. We employed HPA to examine how the expression of GLUTs varied between LUAD patients and healthy lung tissue.
Construction and evaluation of the prognostic nomogram
RNA-sequencing expression (level 3) profiles and corresponding clinical information for LUAD were downloaded from the TCGA dataset (https://portal.gdc.com). To choose the appropriate terms for the nomogram, univariate and multivariate cox regression analysis were used. With the use of the R program “forestplot,” the forest was utilized to display the p-value, HR, and 95% confidence interval for each variable (Xiong et al., 2020). Based on the outcomes of the multivariate cox proportional hazards analyses a nomogram was created to forecast the overall recurrence over the next 1, 2, 3, 5 year. The nomogram offered a graphical depiction of the elements that may be used to determine a patient’s unique risk of recurrence based on the points assigned to each risk factor using the “rms” R program (Jeong et al., 2020; Xiong et al., 2020).
Construction and evaluation of the prognostic risk model of SLC2As
Kaplan-Meier plotter (Győrffy et al., 2013) was employed to examine the relationship between the transcriptional levels of SLC2As and the survival of LUAD patients. p ≤ 0.05 was used to define the statistical significance level.
From the TCGA dataset, RNA-sequencing expression (level 3) profiles and associated clinical data for LUAD were obtained (https://portal.gdc.com). Univariate Cox regression was used to assess the 14 genes in question, and candidate genes were chosen if they satisfied the screening requirement of p < 0.05. Following that, we used the R software’s “glment” package to perform LASSO regression on high-dimensional data to identify the most effective prognostic factors (Xu et al., 2021). Three genes were chosen, and a risk score was also computed for each of them. Based on the median expression of SLC2A genes, patients were split into high-risk and low-risk groups. Using the KM survival approach, the association between SLC2A genes and survival rates was examined. The p-value of KM survival curves was determined using log-rank testing. The receiver operating characteristic (ROC) curve was created to evaluate the model’s accuracy. To find LUAD prognostic variables, univariate and multivariate Cox regression analyses were performed. R (foundation for statistical computing 2020) version 4.0.3 was used to implement all the analysis techniques and R packages (Supplementary Material S1). A p-value of 0.05 was regarded as statistically significant.
Co-expression genes of SLC2As mRNA in lung adenocarcinoma
We wanted to further explore the underlying mechanism SLC2As regulating LUAD. Thus, we analyzed the co-expression profiles in LUAD using the cBioPortal database (Cerami et al., 2012). The top 50 positively co-expressed genes and 50 negatively co-expressed genes were selected based on Spearman’s correlation.
Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis
Metascape (Zhou et al., 2019) is a web-based database that incorporates over 40 different gene functions. The co-expressed genes were enriched using GO and KEGG analyses. We defined minimum overlap as 3, minimum enrichment as 1.5, and p ≤ 0.05 as significant.
Protein-protein interaction (PPI) networks of the member of SLC2As via Cytoscape
Cytoscape (Smoot et al., 2011), a software focusing on open source network visualization and analysis, provides the basic function layout and query network. The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database was used to build a PPI network to evaluate the potential PPI of co-expressed genes (Szklarczyk et al., 2021). PPI pairs with a minimum interaction value of 0.4 were chosen, and Cytoscape 3.8.2 was used to display the network. According to the degree score of each gene node, the CytoHubba plugin for Cytoscape approved the top 10 core genes.
The association between SLC2As and immune cells infiltration in patients with LUAD
TIMER (Li et al., 2017) investigates in detail the immune infiltration status of different cancer types. In our study, the correlation between the immune cell marker genes and SLC2As in the correlation module was used to evaluate the relationship between SLC2As expressions and the infiltration of immune subtypes in LUAD patients. All the markers’ genes with coefficients greater than 0.35 were chosen.
Quantitative polymerase chain reaction
We reanalyzed our prior projected SLC2A3, SLC2A6, SLC2A9, and SLC2A14 expression level results, including paired tumor and surrounding tissues from 6 primary LUAD patients diagnosed in The First Hospital of Jilin University from June 2021 to June 2022, to see if the mRNA expressions of SLA2As are parallel to those in clinical samples. A TRIzol-based (Invitrogen) technique was used to extract the RNA, and RT EasyTM (with gDNase) was used to create complementary deoxyribonucleic acid (FORE GENE). On an ABI StepOnePlus machine from Applied Biosystems, using the Power q-PCR SYBR Green Mix, all PCRs were run in triplicate (Yeasen). Using the Cttechnique, the relative mRNA expression of several genes was measured. One of the housekeeping genes was GAPDH. The additional information included a list of the primer sequences (Comate Bioscience) (Table 1). We calculated relative gene expression levels with 2−ΔΔCT, visualizing data with Graphpad 9.0.
TABLE 1 | The primer sequence of SLC2A3, SLC2A6, SLC2A9, SLC2A14.
[image: Table 1]Stastical analysis
Univariate survival analysis with Kaplan-Meier and log-rank tests. Multifactor survival analysis was conducted using COX regression models. By calculating the area under the curve using the pROC software package, we were able to assess the specificity and sensitivity of SLC2As in prognosis of LUAD. The continuous variables were compared using independent t-tests. Categorical data were tested with chi-square tests. Statistical significance was defined as a two-sided p-value < 0.05. All data processing was done in R4.0.3 software.
RESULTS
Functional annotation of SLC2As
The overview of the research design is present in Supplementary Material S2; Figure 1. First and foremost, we are interested in the functional annotation of SLC2As. As shown in Supplementary Material S2; Figure 2, Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis in Metascape database were employed to analyze the function and pathways SLC2A family members participated in. Biological processes (BP) such as GO: 1904659 (glucose transmembrane transport), GO:0070837 (dehydroascorbic acid transport), GO: 0098704: (carbohydrate import across plasma membrane) and GO: 0032868 (response to insulin) were closely correlated with SLC2As (Supplementary Material S2; Figure 2A). Cellular components (CC), involving GO: 0016324 (apical plasma membrane), GO: 0098793 (presynapse), GO: 0048471 (perinuclear region of cytoplasm) (Supplementary Material S2; Figure 2B) and molecular functions (MF) such as GO: 0005355 (glucose transmembrane transporter activity), GO: 0033300 (dehydroascorbic acid transmembrane transporter activity), GO: 0005353 (fructose transmembrane transporter activity), GO: 0015295 (solute: proton symporter activity) were enriched for SLC2As (Supplementary Material S2; Figure 2C). KEGG pathway analysis indicates pathway 04931: SLC2As and insulin resistance were linked (Supplementary Material S2; Figure 2D). Additionally, SLC2As were linked to many diseases, such as intestinal atresia, pregnancy-related diabetes, hypouricemia, Lesch-Nyhan syndrome, gestational diabetes, arterial tortuosity syndrome, meningomyelocele, and addictive behavior (Supplementary Material S2; Figure 2E).
[image: Figure 1]FIGURE 1 | mRNA expression of distinct SLC2As in LUAD tissues and adjacent normal lung tissues from UALCAN and ONCOMINE database. (A–K) (UALCAN) mRNA expressions of SLC2A1, SLC2A5, SLC2A7, SLC2A8, SLC2A10, SLC2A11 were over-expressed while SLC2A3, SLC2A6, SLC2A9, SLC2A12, SLC2A14 were downregulated in primary LUAD tissues compared to normal lung tissues. ***p < 0.001, **<0.01, *<0.05. (L) Transcriptional expression of SLC2As in 20 different types of cancer diseases (ONCOMINE database). Difference of transcriptional expression was compared by Students’ t-test. Cut-off of p value and fold change were as following: p value: 0.05, fold change: 2.0, gene rank: 10%, data type: mRNA (ONCOMINE).
[image: Figure 2]FIGURE 2 | Expression of SLC2As protein in LUAD tissues and adjacent lung tissues (HPA). Scale bar, 200 µm. (A) Lung tissues displayed low GLUT 1 expression while LUAD tumors showed high protein expressions of it. (B–D) GLUT 5, GLUT 6, GLUT 9 were not expressed in normal lung tissues, while low or medium protein levels were expressed in LUAD tissues.
Abnormal expressions of SLC2As in patients with LUAD
We initially determined the mRNA and protein expression of SLC2As using the ONCOMINE, UALCAN, and HPA databases to investigate the diagnostic and therapeutic relevance of SLC2As in LUAD patients. In the UALCAN database, we first verified the mRNA expression of SLC2A family members, The findings in Figures 1A–K demonstrated that LUAD tissues had lower levels of SLC2A3, SLC2A6, SLC2A9, SLC2A12, and SLC2A14 than normal lung tissues and higher levels of SLC2A1, SLC2A5, SLC2A7, SLC2A8, SLC2A10, and SLC2A11. The ONCOMINE database, which was different from UALCAN database, was used to quantify the mRNA expressions of 14 SLC2A genes in 20 different types of malignancies and compare them to normal tissues. LUAD tumor tissues showed higher mRNA expressions of SLC2A1, SLC2A5, and SLC2A12 and lower expressions of SLC2A3, SLC2A4, SLC2A6, SLC2A9, and SLC2A14 (Figure 1L). Together, these findings demonstrated that individuals with LUAD had transcriptionally upregulated levels of SLC2A1, SLC2A5, and downregulated levels of SLC2A3, SLC2A6, SLC2A9, and SLC2A14. Using the HPA database, we attempted to identify the protein levels of SLC2As in LUAD. According to the findings in Figure 2, GLUT-1 protein expression was shown to be low in lung tissues and high in LUAD tissues (Figure 2A). Additionally, while low or medium protein levels were expressed in LUAD tissues, GLUT-5, GLUT-6, and GLUT-9 were not detected in normal lung tissues (Figures 2B–D). In summary, GLUT-1, GLUT-5 GLUT-6, and GLUT-9 protein levels were overexpressed in patients with LUAD.
Correlation between SLC2As family mRNA expressions and clinical tumor stage
To further explore the relation of SLC2As with clinical characters, the association between SLC2As expressions and patients’ cancer stages in LUAD patients by UALCAN database was then investigated. As shown in Figure 3, SLC2A1, SLC2A5, SLC2A10, and SLC2A11 levels tended to be higher in patients with advanced tumor stages, which shows that these molecules may be involved in the development of malignancies in LUAD patients. Furthermore, the highest expression of SLC2A1, SLC2A5, SLC2A10, and SLC2A11 was observed in stage 4, whereas SLC2A5 and SLC2A11 expression in stage 3 was lower than in stage 2. This suggests that the difference in sample sizes between stage 2 (n = 125) and stage 3 (n = 85) may be a reasonable explanation for the contradictory results. Furthermore, SLC2A3, SLC2A6, SLC2A9, SLC2A12, and SLC2A14 levels were lower in patients with advanced tumor stages, suggesting that these genes might act as a barrier to the progression of LUAD. Interestingly, the expression levels of SLC2A1, SLC2A5, SLC2A10, SLC2A11, SLC2A3, SLC2A6, SLC2A9, SLC2A12, and SLC2A14 differed in stage I LUAD tissues compared to normal tissues, suggesting that these molecules could act as non-invasive biomarkers for LUAD early detection. All of these findings open the door for these SLC2A genes to be used as possible biomarkers for the early identification and precise stratification of LUAD patients.
[image: Figure 3]FIGURE 3 | Relationship between mRNA expression of distinct SLC2As and individual cancer progression of LUAD patients. mRNA expressions of SLC2As were remarkably correlated with patients’ individual cancer stages. (A,C,G,H) Patients who were in more advanced stages tended to express higher mRNA expression of SLC2A1, SLC2A5, SLC2A10, SLC2A11. The highest mRNA expressions of, SLC2A5, SLC2A10, SLC2A11 were found in stage 4. (B,D,F,I,J) Patients who were in more advanced stages tended to express lower mRNA expression of SLC2A3, SLC2A6, SLC2A9, SLC2A12 and SLC2A14. (A–I) In addition, SLC2A1, SLC2A3, SLC2A5, SLC2A6, SLC2A7, SLC2A9, SLC2A10, SLC2A11, SLC2A12, SLC2A14 expressions were different in stage 1 from that in normal group. *p < 0.05, **p < 0.01, ***p < 0.001.
Construction and evaluation of SLC2As-related prognostic model
Kaplan-Meier plotter online tool was used to predict the value of SLC2As in gauging the prognosis of LUAD. Lower mRNA expressions of SLC2A1, SLC2A2, SLC2A3, SLC2A4, SLC2A5, SLC2A9, SLC2A14 and higher mRNA level of SLC2A10, SLC2A12, SLC2A13 were significantly associated with favorable Overall Survial (OS) of LUAD (Supplementary Material S2; Figure 3). Furthermore, we ran univariate and multivariate Cox regression tests to see if the risk model of 14 SLC2As had distinct prognostic features for LUAD. SLC2A1, SLC2A7, and SLC2A11 were chosen as independent predictors for survival in LUAD patients in univariate Cox regression analysis, with SLC2A1, SLC2A7 serving as risk factors and SLC2A11 as a favorable factor in LUAD (Figure 4A). SLC2A1, SLC2A7, and SLC2A11 were also statistically significant in multivariate Cox regression analysis (Figure 4B), suggesting that these three genes may be the reliable predictors in LUAD. A nomogram based on SLC2A1, SLC2A7, and SLC2A11 to forecast the 1, 2, 3, and 5 year overall recurrence was created (Figure 4C). The observed vs. predicted rates of the 1-, 2-, and 3-year OS showed excellent consistency in the correlation plots (Figure 4D). While attempting to uncover predictive gene sets for LUAD using the LASSO approach (Zhang et al., 2020), λ was chosen when the minimum sum of squared residuals was found. We ultimately discovered three genes, including SLC2A1, SLC2A7, and SLC2A11 for subsequent multivariate analysis (Figures 5A,B). The risk score of 3 genes was also calculated for further univariate and multivariate Cox regression analyses. The hazard ratio between the low-expression sample and the high-expression sample is represented as HR (High risk). Based on the integrated model with cutoff values at the median expression of the three candidate genes, patients were categorized into high-risk and low-risk groups. The selected dataset’s risk score, survival period, and survival status. Risk score is shown in the top scatterplot, ranging from low to high (Figure 5C). The risk score of various samples, which corresponds to survival time and survival status, is represented by the scatter plot distribution (Figure 5D). The gene expression from the signature is displayed in the bottom heatmap. SLC2A1 and SLC2A7 levels that were higher and SLC2A11 levels that were lower indicated significant risk in LUAD patients (Figure 5E). The risk model from the dataset underwent a Kaplan-Meier survival analysis, and a log-rank test was used to compare the outcomes of the various groups. Compared to the low-risk group, the high-risk group consistently had a poor prognosis (Figure 5F). By using ROC curves, we also compared the prognostic effect of risk factors. Areas under the curve (AUC) for 1-year OS, 3-year OS and 5-year OS were 64.8%, 67.1%, and 61.3%, respectively (Figure 5G), demonstrating that the combination of SLC2A1, SLC2A7, and SLC2A11 might serve as a marker of prognosis of LUAD.
[image: Figure 4]FIGURE 4 | Construction of the nomogram model. (A,B) Forest plots for hazard ratios of survival-associated SLC2As in LUAD through univariate and multivariate Cox regression tests. SLC2A1, SLC2A7, and SLC2A11 were independent predictors of prognosis according to univariate and multivariate Cox regression analysis of the p value, risk coefficient (HR), and confidence interval of SLC2As. (C) Nomogram can forecast the overall survival of LUAD patients at 1, 2, 3, and 5 years. (D) Calibration curve for the overall survival nomogram model in the discovery group. The blue line, red line, and orange line indicate the 1-year, 2-year, 3-year, and 5-year of the observed nomogram, respectively. This suggests that the prognostic model could successfully predict the prognosis of LUAD. The dashed diagonal line represents the ideal nomogram.
[image: Figure 5]FIGURE 5 | Construction and validation of SLC2As-related signature. (A) The coefficients of SLC2As are shown by lambda parameter. (B) Partial likehood versus log(λ) were manifested using LASSO model. (C–E) The Riskscore, survival time and survival status of LUAD. (C) The top scatterplot represents the Riskscore from low to high. Blue represents low risk group and red represents high risk group. (D) The middle scatter plot distribution represents the Riskscore of different samples correspond to the survival time and survival status. (E) The bottom heatmap is the gene SLC2A1, SLC2A7, SLC2A11 expression from the signature. (F) Kaplan-Meier survival analysis of the risk model from dataset, comparison among high and low group was made by log-rank test. HR = 1.857 indicates the gene set is a risk factor. The median survival time (LT50) for the high group and low group is 3 and 4.9 years, respectively, and the HR (95% CI) ranges from 1.378 to 2.503.(G) The ROC curve and AUC of the gene set for 1,3, and 5 year (64.8%, 67.1%, 61.3%).
Methylation levels of SLC2As in LUAD patients
The upstream factor that dysregulates the expression of SLC2A was then identified. DNA methylation, one type of epigenetic change, involves adding a methyl group to the cytosine’s C5 position to create 5-methylcytosine. This occurs primarily at CG and CH (CH = CA, CT, and CC) locations (Wang et al., 2021). It has been suggested that DNA methylation has a role in a variety of biological processes, particularly the genesis of cancer. Next, we attempted to investigate how DNA methylation by SLC2As affects LUAD. According to data from the UALCAN database, LUAD patients’ tumor tissues had hypomethylation of SLC2A1, SLC2A2, SLC2A5, SLC2A6, SLC2A7, SLC2A11 and hypermethylation of SLC2A3, SLC2A10, and SLC2A14 compared to normal tissues (Figure 6).
[image: Figure 6]FIGURE 6 | DNA methylation level of distinct SLC2As in LUAD tissues and adjacent normal lung tissues (UALCAN). Hypomethylation of SLC2A1, SLC2A2, SLC2A5, SLC2A9, SLC2A11 (A,B,D–F,H,I) and hypermethylation of SLC2A3, SLC2A10, SLC2A14 (C,G,J) were found in primary LUAD tissues compared with those in normal lung tissues. ***p < 0.001, **<0.01, *<0.05.
Construction of a network of SLC2As and co-expressed genes and identification of potential “hub” genes
The functions and pathways in which SLC2As are involved in LUAD patients will next be further clarified. We performed GO and KEGG enrichment analyses to investigate the biological functions of the co-expression profiles of SLC2A1, SLC2A5, SLC2A6, and SLC2A9 in LUAD patients (whose protein expression level was different in LUAD from that in normal tissues). The Metascape database was enriched for the top 100 genes (Supplementary Material S3) substantially linked with SLC2A1, SLC2A5, SLC2A6, and SLC2A9 (according to p value) (Figures 7A–D). The genes that co-express SLC2A1 were primarily enriched in the centromeric region of the chromosome and were grouped during the mitotic cell cycle process. SLC2A5-coexpressed genes were particularly rich in those that negatively regulated immune system function, immunological receptor activation, and osteoclast differentiation. Lymphocyte activation, cytokine-mediated signaling pathways, and the positive modulation of immune response were among the gene functions enriched in SLC2A6 co-expression. The regulation of cytokine production, the positive regulation of immune response, and the regulation of cell activation were all enriched in the genes co-expressed with SLC2A9. According to the degree score of each gene node, the CytoHubba plugin for Cytoscape selected the top 10 core genes (Figures 7E–H, e–h). The core gene BUB1B (e), which was engaged in the mitotic cell cycle process and might be the most significant gene among those connected with SLC2A1, had the highest degree score. CD86 (f), a gene involved in the negative regulation of immune system activity, was the most significant gene for SLC2A5. The gene PLEK (g), which was involved in lymphocyte activation, was the most significant gene for SLC2A6. The CD4 (h) gene, which controlled cytokine production, was the most significant gene for SLC2A9. These results suggest that SLC2As are implicated in LUAD through orchestrating immune cells.
[image: Figure 7]FIGURE 7 | Gene Ontology (GO) annotations and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of genes that ranked top 100 co-expressed genes with SLC2A1, SLC2A5, SLC2A6, SLC2A9. (A) SLC2A1. (B) SLC2A5. (C) SLC2A6. (D) SLC2A9. Construction of an interaction network with SLC2As top 100 correlated genes and identification of potential hub genes. (E–H) PPI network of SLC2A1, SLC2A5, SLC2A6, and SLC2A9 co-expressed genes. (e–h) The top 10 hub genes identified in the PPI network.
SLC2As expressions are correlated with infiltration of immune cells
Different illness states can stimulate immune cells (Fridlender et al., 2009; Murray, 2017). In LUAD patients, we attempted to determine whether SLC2As are correlated with the marker genes of different immune cell types, such as CD8+ T cells, monocytes, T cells (general), M1 and M2 macrophages, B cells, neutrophils, tumor-associated macrophages (TAMs), natural killer cells, and DCs. We also examined T cells with various subtypes, including fatigued T cells and T-helper type 1 (Th1), Th17, Th2, and Treg (Supplementary Material S4). SLC2As substantially linked with the majority of marker genes of various types of immune cells and diverse functional T cells in LUAD after tumor purity-correlated modifications. SLC2A3, SLC2A5, and SLC2A14 expressions were all shown to be substantially linked with M2 macrophages and monocytes. Additionally, SLC2A6 expression was highly connected with M2 macrophages, M-DC, monocytes, and Treg cells, while SLC2A9 expression was significantly correlated with T cells, Th1 cells, and monocyte infiltration (Supplementary Material S2; Figure 4). Expressions of SLC2A6 and SLC2A9 were positively correlated with TAMs (Supplementary Material S4). These findings show how these molecules are involved in enlisting and activating various immune cell subtypes to take part in the pathogenesis of LUAD. Additionally, there was a positive correlation between the levels of SLC2A3, SLC2A5, SLC2A6, SLC2A9, and SLC2A14 and markers of T cell exhaustion (TCE) (PDCD1, CTLA-4, LAG3, HAVCR2, GZMB), identifying that the elevated level of these molecules implied the presence of TCE in LUAD (Figure 8).
[image: Figure 8]FIGURE 8 | SLC2As expression has significant relations with infiltration of T cell exhaustion in LUAD. (A) SLC2A3. (B) SLC2A5. (C) SLC2A6. (D) SLC2A9. (E) SLC2A14. TCE marker genes include PDCD1, CTLA4, LAG3, HAVCR2, and GZMB.
The mRNA expression in clinical samples of LUAD
We selected SLC2A3, SLC2A6, SLC2A9, and SLC2A14 as verified targets in our clinical samples since prior research has demonstrated higher expression of SLC2A1 and SLC2A5 in LUAD patients. Patients numbers 2 and 6 had lower levels of SLC2A3, SLC2A6, SLC2A9, and SLC2A14 than the surrounding normal tissue. However, patient number 1 had elevated levels of SLC2A3, SLC2A6, and SLC2A14, whereas patient number 3 had elevated levels of SLC2A3, SLC2A6, and SLC2A9. In patient number 4 and 5, elevated levels of SLC2A3, SLC2A6, SLC2A9, and SLC2A14 were discovered (As shown in Figure 9; Supplementary Material S5).
[image: Figure 9]FIGURE 9 | The expressions of SLC2A3, SLC2A6, SLC2A9 and SLC2A14 in clinical LUAD samples were validated by q-PCR (A) SLC2A3. (B) SLC2A6. (C) SLC2A9. (D) SLC2A14. T, Tumor. N, Normal adjacent tissues.
DISCUSSION
Three classifications have been established for GLUTs (Hardie and Ashford, 2014). Class 1, which includes GLUTs 1-4 and GLUT-14 and contains glucose as its substrate, has a substantially lower affinity for fructose (Mueckler and Thorens, 2013). GLUT-5, GLUT-7, GLUT-9, and GLUT-11 are all members of class 2. Fructose serves as GLUT-5’s primary substrate, and it has a higher affinity for it than for glucose (Tatibouët et al., 2000). While GLUT- 7 and GLUT-11 have the same affinity for glucose as fructose (Manolescu et al., 2007; Cheeseman, 2008) GLUT-9 transports urate along with fructose in the physiological range (Cheeseman, 2008; So and Thorens, 2010). Class 3, which consists of GLUT-6, GLUT-8, GLUT-10, GLUT-12, and GLUT-13, is challenging to characterize. The existing evidence indicated that GLUT-12 transports glucose (Macheda et al., 2005) and GLUT-13 transports myo-inositol (Holman, 2020). However, it is still unknown what the other members substrates are (Holman, 2020). SLC2As have reportedly been implicated in multiple diseases, including cancer. This study is the first comprehensive biological analysis of the 14 SLC2A genes in LUAD patients.
The results of the researchers’ numerous studies on SLC2As expressions in LUAD at the mRNA and protein levels are inconsistent or even conflicting. One study identifies SLC2A1 may be a crucial glucose transporter in LUAD patients as SLC2A1 mRNA and protein levels are elevated in LUAD patients, and its overexpression is a potential indicator for lower differentiated tumor grade and poor prognosis (Younes et al., 1997a; Minami et al., 2002; Maki et al., 2013; Chai et al., 2017; Weng et al., 2018a; Guo et al., 2020). However, another study demonstrates that GLUT-1 protein expression is absent in healthy lung tissues but positive in 14 of 24 adenocarcinomas and that the levels of expression are correlated with greater tumor sizes, less differentiation of the tumor, and positive lymph node metastases (Ito et al., 1998). LUAD patients did not exhibit altered SLC2A3 and SLC2A5 expressions at the mRNA level when compared to healthy donors. However, compared to the primary tumor, lung cancer metastases have higher levels of SLC2A3 and SLC2A5, highlighting their significance in tumor metastasis (Kurata et al., 1999). Another study uses immunohistochemical analysis to show that GLUT-3 and GLUT-5 are expressed at the same levels as those of healthy lung tissues (Holman, 2020), while GLUT-4 expression is positive and GLUT-2, GLUT-3, and GLUT-5 are negative in LUAD patients (Brown et al., 1999). Regarding GLUT-3 protein levels, numerous investigations show that they are absent in healthy lung tissues (Younes et al., 1997b) and increased in non-small cell lung cancer (de Geus-Oei et al., 2007; Suzawa et al., 2011). Compared to healthy tissues, the level of SLC2A5 mRNA is higher in LUAD tissues. Additionally, a worse prognosis is connected to SLC2A5 overexpression (Weng et al., 2018a; Weng et al., 2018b). GLUT-3, GLUT-4, and GLUT-5 have been discovered to be overexpressed in LUAD patients at the protein level (Younes et al., 1997b; Flavahan et al., 2013; Chai et al., 2017). In a different study, GLUT-2, GLUT-3, GLUT-4, GLUT-5, GLUT-6, GLUT-9 expression levels were tested in lung adenocarcinoma and only GLUT-3 is positive in 1 of 8 lung adenocarcinoma patients (Godoy et al., 2006). Neither GLUT-3 nor GLUT-4 is positively stained in normal lung epithelia while lung cancers have elevated levels of SLC2A3 and SLC2A4 (Ito et al., 1998). H1299 (NSCLC cell line) has high SLC2A12 mRNA expression (Zawacka-Pankau et al., 2011), while lung cancer cell line A549 has high levels of GLUT-12 expression (Pujol-Gimenez et al., 2015). The predictive value of the SLC2As in LUAD patients has also been examined. Increased GLUT-3 levels are a potential indicator of a poor prognosis and a biomarker for lower tumor differentiation in Stage I non-small cell lung cancer patients, highlighting the significance of GLUT-3 for early diagnosis and prognostic accuracy (Younes et al., 1997b; Maki et al., 2013). According to a different study, patients with NSCLC who have high levels of the mRNAs SLC2A1, SLC2A2, SLC2A3, SLC2A4, SLC2A5, SLC2A6, SLC2A7, SLC2A9, SLC2A11, and SLC2A14 have a considerably worse overall survival (Du et al., 2020). Downregulated levels of SLC2A10 in lung cancer indicate a poor prognosis and increased aggressiveness of tumors, suggesting that SLC2A10 may play a crucial role in the progression of cancer (Jian et al., 2021).
In our study, we show that transcriptional levels of SLC2A1, SLC2A5 are upregulated and those of SLC2A3, SLC2A6, SLC2A9, SLC2A14 are downregulated in LUAD patients, supporting the role of SLC2A1, SLC2A5 as oncogenes and SLC2A3, SLC2A6, SLC2A9, SLC2A14 as tumor suppressor genes. Inhibiting GLUT-1, GLUT-5, GLUT-6, and GLUT-9 may be used as a therapy for LUAD patients as a result of the increased protein levels of these enzymes that were shown in our study. SLC2As’ mismatched mRNA and protein levels in LUAD patients could be explained by changes in turnover (transcription and degradation), as well as post-transcriptional and post-translational modifications like phosphorylation, acetylation, ubiquitination, and methylation, as well as sumo of the SLC2As or GLUTs. Furthermore, the upregulation of GLUT-1, GLUT-5, GLUT-6, and GLUT-9 suggests that fructose and glucose may both play important roles in LUAD metabolism, supporting the development of blockades for these molecules as potential new medications or biomarkers for the treatment or detection of LUAD. Re-examining the mRNA expression of SLC2A3, SLC2A6, SLC2A9, and SLC2A14 revealed that 2 of 6 patients had lower levels of these genes than those predicted by RNA-seq methods in LUAD samples. The results from the other four LUAD patients were different, showing higher levels of SLC2A3, SLC2A6, SLC2A9, and SLC2A14 in LUAD patients. The differing experimental platforms could be the cause of the varied expression levels between RNA-seq and q-PCR. Nearly the whole exon region of a gene is covered by RNA-seq, which also considers the expression levels of each exon region. However, q-PCR does not account for the entire length of the gene when designing primers or amplifying.
Because patients in the same phase might have quite different clinical outcomes, even at an early stage, it is important to identify novel tumor biomarkers in order to accurately estimate patient prognosis and predict responsiveness to a specific therapy. The next step is to assess if tumor stages can be identified based on SLC2As expression levels. A lower differentiation grade tumor is implied by overexpression of SLC2A1, SLC2A5, SLC2A10, SLC2A11and lower levels of SLC2A3, SLC2A6, SLC2A9, SLC2A12, and SLC2A14, emphasizing the possibility of these molecular roles for predicting the course of the tumor. Interestingly, the expression levels of SLC2A1, SLC2A3, SLC2A5, SLC2A6, SLC2A7, SLC2A9, SLC2A10, SLC2A11, SLC2A12, and SLC2A14 all differed in stage 1 compared to normal tissues, strongly proposing these molecules as possible markers for the early diagnosis of LUAD. Secondly, we establish the importance of low levels of SLC2A1, SLC2A2, SLC2A3, SLC2A4, SLC2A5, SLC2A9, SLC2A14 and high levels of SLC2A10, SLC2A12, and SLC2A13 as biomarkers for favourable prognosis. Results for SLC2A1, SLC2A3, SLC2A5, and SLC2A10 are in line with earlier investigations. It is intriguing that individuals with LUAD who had high levels of SLC2A9 and SLC2A14, which were previously identified as suppressor genes in our investigations, have lower survival rates. We think that these molecules may be the source of the resistance to chemotherapy and radiation. Analyses using the LASSO technique are used to investigate the most important factors. SLC2A1, SLC2A7, and SLC2A11 are three SLC2As that have been discovered as possible predictive biomarkers. SLC2A11 is an indicator of a favorable outcome in LUAD, but high expression of SLC2A1 and SLC2A7 is a characteristic of an adverse prognosis. The combination of SLC2A1, SLC2A7, and SLC211 is also supported by the ROC curve as a possible biomarker for 1-year, 3- year, and 5-year survival. In conclusion, SLC2As may someday serve as critical clinical markers for LUAD patients, allowing for earlier identification, more precise risk classification, and individualized survival prediction.
The role of epigenetic regulators, such as DNA methylation, on SLC2As deregulation, was identified using the UALCAN database to investigate the upstream mechanisms causing the abnormal SLC2As expression. Focusing on how epigenetic alteration affects cancer etiology, both suppressor gene suppression caused by excessive methylation in gene promoters and oncogene activation or chromosomal instability caused by widespread hypomethylation can occur in malignancies (Merlo et al., 1995; Rosty et al., 2002; Gaudet et al., 2003). Particularly, the development of DNA methylation liquid biopsy has made early cancer diagnosis and treatment recommendations possible (Brikun et al., 2018; Shen et al., 2018; Zhao et al., 2018). In our research, hypomethylation occurs on oncogenes including SLC2A1, SLC2A5, SLC2A7, and SLC2A11. Additionally, hypermethylation of tumor suppressor genes, such as SLC2A3 and SLC2A14, is observed in LUAD patients, suggesting that DNA methylation may be the cause of the aberrant expression of SLC2As in LUAD. There is a lot of interest in treatments that target epigenome alterations, such as DNA methyltransferases (DNMTs). DNMTs have been used as anti-cancer drugs, specifically as potential chemotherapy or radiotherapy sensitizers, to increase treatment efficacy (Gravina et al., 2010). Given the significance of DNA methylation affects SLC2As, DNMTs have a potential for correcting these aberrant SLC2As expressions in LUAD. To determine the level of DNA methylation in LUAD, future studies will need to carefully implement animal and cell line research. These results will lay the groundwork for DNA methylation as sensitive prognostic, predictive biomarkers, and therapeutic targets in LUAD.
What role did the aberrant SLC2As play in LUAD pathogenesis? Due to the co-expressed genes’ enrichment in GO and KEGG pathways associated with immune cells, we concentrate on the relationship between SLC2As and immunological signatures. Recently, numerous tumors have been successfully treated using a variety of immunotherapy techniques, including immune checkpoint blockades (PD-1, CTLA4), cellular therapy, and therapeutic vaccinations, including LUAD (Del Paggio, 2018; Christofi et al., 2019). However, not every immunotherapy is successful in treating patients due to patients’ limited tumor immunity and the heterogeneity of checkpoint inhibitors (Sasidharan Nair and Elkord, 2018; Liu et al., 2020). In addition, tumor cells are prone to switch from oxidative metabolism to glycolysis and lactic acid fermentation even in normal conditions. The metabolic alteration leads to hypoxia, production of acid, poor in nutrients and abundance of immune-modulatory metabolites, consequently contributing to the resistance to immunotherapy (Ramapriyan et al., 2019). Therefore, we aim to better understand the connection between SLC2As and immune cell infiltration in LUAD, which will aid in identifying patients who may benefit from immune therapy. The alteration of the tumor microenvironment caused by circulating monocytes and macrophages, which are drawn to the tumor, promotes the growth of malignancies (Chanmee et al., 2014). Macrophages are generally classified into two subpopulations, classically activated pro-inflammatory macrophages (M1) and alternatively activated macrophages (M2). M2 macrophages are involved in promoting the growth and invasion of lung cancer cell, while M1 mac rophages inhibit lung cancer cell proliferation and activity via increasing cancer cell chemical sensitivity and decreasing angiogenesis (Yuan et al., 2015). It is interesting to note that in LUAD patients, M2 and monocyte expression levels are favorably linked with SLC2A3 and SLC2A5 expression levels. Th1, monocytes, and T cells had a positive correlation with SLC2A6 levels. M2, TAM, M-DC, monocytes, and Treg cells all exhibit favorable correlations with SLC2A9 expression levels. In LUAD patients, SLC2A14 expression is favorably linked with M2, monocytes, and TAM. These findings reveal that members of the SLC2A family may contribute to carcinogenesis by controlling M2 polarization and drawing monocytes and Tregs to tumor locations. However, more research into the underlying mechanism is still required. Additionally, it has been suggested that TCE plays a role in various malignancies and chronic infections, a condition marked by a decline in T cell activity, persistent expression of inhibitory receptors, and a transcriptional state distinct from that of functioning effector or memory T cells and inhibiting pathways elevated in exhaustion can reverse the dysregulated state and reinvigorate immune responses (Wherry and Kurachi, 2015). According to our findings, expression of SLC2A3, SLC2A5, SLC2A6, SLC2A9, and SLC2A14 is positively correlated with the TCE marker gene, suggesting that these molecules may reflect the presence of TCE in LUAD. All these findings supported the use of SLC2A3, SLC2A5, SLC2A6, SLC2A9, and SLC2A14 as therapeutic targets and biomarkers for evaluating the effectiveness of immunotherapy.
Finally, we suggest multiple pathways in which SLC2As were involved in LUAD, including SLC2A1/BUB1B/mitotic cell cycle, SLC2A5/CD86/negative immune system process regulation, SLC2A6/PLEK/lymphocyte activation, and SLC2A9/CD4/cytokine production regulation.
The results that an increased level of GLUT-1 is positively correlated with F-18 fluorodeoxyglucose (FDG) uptake indicate the involvement of GLUT-1 in the accumulation of FDG in LUAD patients (Brown et al., 1999; Gu et al., 2006; Wink et al., 2017; Vanhove et al., 2019). However, as confounders in PET positron emission tomography-computer tomography (PET-CT) analysis, inflammatory pseudotumor, tuberculoma, and organizing pneumonia may present a similar picture with lung malignancies. We hypothesize that the combination of GLUT-1, GLUT-5, GLUT-6, and GLUT-9 may distinguish the inflammation (necrosis) lesions from malignancies in light of the increased protein expression of GLUT-1, GLUT-5, GLUT-6, and GLUT-9 in LUAD patients in our study. However, the hypothesis needs further investigation.
GLUT inhibitors have been used in numerous studies to treat NSCLC. A GLUT-1 inhibitor called WZB117 prevents the proliferation of the NSCLC cancer cells (H1299 and A549) (Liu et al., 2012). Oxime-based GLUT-1 inhibitors reduce the proliferation of the cancerous H1299 cell line (Tuccinardi et al., 2013). The GLUT-2 inhibitor quercetin lowers the risk of developing lung cancer (Rastogi et al., 2007). Small interfering RNA (siRNA) for GLUT-1 increases NSCLC cell susceptibility to gefitinib treatment (Suzuki et al., 2018). Anti-GLUT-1 antibodies reduce non-small cell lung cancer cell growth by 50% (Rastogi et al., 2007). However, the findings that both glucose and fructose are energy sources in LUAD remind us that cancer cells can switch to a different option for their energy requirements, so we recommend that the best course of action may be to completely inhibit GLUT-transporters. Blocking GLUT-1, GLUT-5, GLUT-6, and GLUT-9 may display beneficial efficiency in LUAD therapy. A better understanding of the universal expression profiles of GLUTs and the tissue distribution of GLUTs will pave the way for transforming the GLUT inhibitors into clinical application in LUAD.
CONCLUSION AND OUTLOOKS
The prognosis of patients with LUAD can be correctly stratified with the use of a thorough examination of their metabolic profiles. Our findings might suggest SLC2As as biomarkers that could help distinguish between low-risk LUAD patients and advanced LUAD patients. Moreover, SLC2As could serve as prognostic signatures to predict 1, 3, and 5 year survival in LUAD patients. SLC2As are abnormally expressed in LUAD due to DNA methylation, and SLC2As that are dysregulated promote LUAD by changing the immunological microenvironment. We also suggest several pathways that could be involved in LUAD, including SLC2A1/BUB1B/mitotic cell cycle, SLC2A5/CD86/negative immune system process regulation, SLC2A6/PLEK/lymphocyte activation, and SLC2A9/CD4/cytokine production regulation. These findings open the door to the use of these SLC2A molecules as LUAD biomarkers and treatment targets.
Due to their propensity to mimic other inflammatory diseases, cancers diagnosed by PET-CT were likewise less sensitive and specific. GLUTs should work together as radiotracers to efficiently image LUAD tumors and provide early identification, accurate tumor grading, and prognosis prediction.
The future trend will be to completely inhibit GLUT-1, GLUT-5, GLUT-6, and GLUT-9 as therapeutic targets. Our findings revealed that LUAD uses fructose (a GLUT-5 and GLUT-9 substrate) as a different type of energy source. Since GLUT-5 and GLUT-9 are not universally expressed as GLUT-1, blocking the transport of fructose may be an appealing method to inhibit the metabolism of glucose. In other words, it is important to consider the high specificity. We advise exosomes or nanoparticles loaded with GLUT inhibitors as a viable option that might be safely and conveniently delivered to combat LUAD.
The GLUT function has previously been studied using cell lines, but this method has the disadvantage of not compressing other tissue-matrix components. To shed light on the significance of glucose carriers in LUAD patients, it is necessary to conduct these experimental and clinical trial tests in SLC2A conditional knockout mice, which enable GLUT knocking out in specific cells. Another related problem is that we still do not fully comprehend how SLC2As regulate various immune cell subtypes, such as TCE, M2, T cells, and monocyte in LUAD.
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In the last two decades, natural active substances have attracted great attention in developing new antitumor drugs, especially in the marine environment. A series of marine-derived compounds or derivatives with potential antitumor effects have been discovered and developed, but their mechanisms of action are not well understood. Emerging studies have found that several tumor-related signaling pathways and molecules are involved in the antitumor mechanisms of marine-derived agents, including noncoding RNAs (ncRNAs). In this review, we provide an update on the regulation of marine-derived agents associated with ncRNAs on tumor cell proliferation, apoptosis, cell cycle, invasion, migration, drug sensitivity and resistance. Herein, we also describe recent advances in marine food-derived ncRNAs as antitumor agents that modulate cross-species gene expression. A better understanding of the antitumor mechanisms of marine-derived agents mediated, regulated, or sourced by ncRNAs will provide new biomarkers or targets for potential antitumor drugs from preclinical discovery and development to clinical application.
Keywords: marine, antitumor, drug, ncRNA, biomarker
1 INTRODUCTION
High-throughput sequencing technologies have accelerated the study of biological systems related to the biological activity and function of the human genome, improving our understanding of gene expression and regulation (Dutta et al., 2021). The International Human Genome Consortium revealed that the estimated number of human protein-coding genes has shrunk from 35,000 to 20,500, or less than 3% of the total genome sequence, a surprisingly low number for our species (Liang et al., 2000; Clamp et al., 2007). As a result, there has been an explosion in research into the possible functional roles of the other nearly 98% of the human genome that does not encode proteins (Santosh et al., 2015). In fact, almost 90% of the human genome is transcribed, which means that the RNA pool must contain tens of thousands of noncoding RNA (ncRNA) transcripts with little or no protein-forming capacity (Djebali et al., 2012). Many classes of ncRNAs with very different lengths, structures, and functions have been identified and studied by developing next-generation sequencing techniques over the past two decades (Esteller, 2011; Mehta et al., 2021). Accumulating evidence suggests that they have emerged as important regulators of gene expression by affecting chromatin architecture, DNA/RNA/histone modifications, RNA/protein scaffolds, RNA splicing, stability, and translation (Mehta et al., 2021). Hence, they are not only closely related to various physiological processes, such as cell development, differentiation, and DNA repair but also participate in the pathophysiological processes of various diseases, especially tumors (Dutta et al., 2021).
A large body of evidence indicates that ncRNAs are abnormally expressed in all types of human cancers and are associated with patient treatment, prognosis and recurrence (Slack and Chinnaiyan, 2019; Anastasiadou et al., 2018; an and Bu, 2021). Many ncRNAs have been shown to be released from tumor cells into human body fluids, such as blood saliva, urine, and breast milk, which provides strong support for ncRNAs as cancer diagnostic markers or prognostic indicators (Lei et al., 2019; Bautista-Sanchez et al., 2020; Sil et al., 2020). Meanwhile, ncRNAs have also been shown to act as oncogenes or tumor suppressor genes to regulate the occurrence and development of tumors (Figure 1), suggesting their potential as therapeutic targets for antitumor drugs (Arun et al., 2018; Toden et al., 2021; Yan et al., 2022). Moreover, recent studies have shown that some ncRNAs are also implicated in the mechanism of antitumor drugs of natural origin, including marine-derived compounds or derivatives (agents) (Schnekenburger et al., 2014; Liu et al., 2020).
[image: Figure 1]FIGURE 1 | Noncoding RNA in tumors. There are two types of non-coding RNAs (ncRNAs) in tumor cells: short/small ncRNAs and long ncRNAs. Short/small ncRNAs include at least four types: microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), transfer RNA-derived small RNAs (tsRNAs), and piwi-interacting RNAs (piRNAs). Long ncRNAs include common lncRNAs, circular RNAs (circRNAs), and pseudogenes. These ncRNAs are aberrantly expressed in all types of human cancers and are involved in tumor progression, including tumor occurrence, development, recurrence, drug resistance, invasion, and metastasis.
In this review, we first briefly describe the main information known about ncRNAs in tumors and marine-derived antitumor agents. We then focus on the scientific progress made regarding the antitumor mechanisms of various marine-derived agents associated with ncRNAs. In addition, we recapitulated the potential value of marine food-derived ncRNAs as antitumor agents by mediating gene expression across species. This helps to elucidate the antitumor mechanism of marine-derived antitumor agents and reveal the potential value of ncRNAs as biomarkers for marine drug-related tumor treatment, prognosis and recurrence and even as sources of marine antitumor drugs.
2 NCRNA IN TUMORS
According to length, ncRNAs can be divided into two categories: short/small ncRNAs and long ncRNAs (lncRNAs). Short/small ncRNAs are transcribed RNA molecules less than 200 nt in length and usually <30 nt. This type of ncRNA includes at least four types: microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), transfer RNA-derived small RNAs (tsRNAs), and piwi-interacting RNAs (piRNAs) (Cech and Steitz, 2014; Slack and Chinnaiyan, 2019). Among them, the most abundant and most investigated short/small ncRNAs are miRNAs, which generally act as negative gene regulators of their target RNAs, especially messenger RNAs (mRNAs), through RNA cleavage, degradation, or translational repression (Vishnoi and Rani, 2017; Slack and Chinnaiyan, 2019). Long ncRNAs are generally longer than 200 nt, and their transcripts consist of multiple exons, 5′ caps and 3′ poly(A) tails but lack open reading frames (ORFs) (Clark and Mattick, 2011). Compared with miRNAs, most lncRNAs have lower sequence conservation among species, but they are implicated in almost all levels of gene expression: epigenetic, transcriptional, and posttranscriptional. They usually interact with other nucleic acid molecules (such as DNA, mRNA, and miRNA) or proteins to act as molecular signals, decoys, guides, or scaffolds (Wang and Chang, 2011; Robinson et al., 2020). In addition, two special cases of lncRNAs have received extensive attention, namely, pseudogenes and circular RNAs (circRNAs) (Groen et al., 2014; Grander and Johnsson, 2016; Wilusz, 2018; Kristensen et al., 2019; Zhou et al., 2020), whose roles and mechanisms remain to be further explored. Dysregulation of both short/small and long ncRNAs can contribute to tumorigenesis and progression (Lekka and Hall, 2018).
2.1 miRNAs
miRNAs are by far the most well-characterized ncRNA group in cancer, with more than 70,000 publications in PubMed concerning cancer-related miRNAs. This miRNA dysregulation or genetic changes have been observed in nearly all cancer types studied, and more than 50% of miRNA genes are located in cancer-associated genomic regions or in fragile sites, indicating the important role for miRNAs in the pathogenesis of human cancers (Zhang et al., 2007; Di Leva et al., 2014). According to their effects on tumors, these cancer-associated miRNAs are mainly divided into two subclasses: oncogenic miRNAs (or “tumor-miRs”) and tumor suppressor miRNAs (Yan et al., 2022). Examples of well-characterized oncogenic miRNAs include miR-21, miR-141, miR-155, and miR-215, which are widely overexpressed in a variety of systemic tumors, including gastrointestinal, respiratory, hematological, and reproductive system tumors (Bayraktar and Van Roosbroeck, 2018; Vychytilova-Faltejskova and Slaby, 2019; Luo et al., 2022; Yan et al., 2022). Conversely, the let-7 family, miR-34a, miR-145, and miR-29 targets are regarded as tumor suppressors and can inhibit tumor formation, proliferation, migration, spread, and angiogenesis by targeting many oncogenic transcription factors, including E2F1, K-RAS and c-MYC (Yang et al., 2015; Alizadeh et al., 2019; Zhang et al., 2019; Xu et al., 2020). Interestingly, several miRNAs appear to possess dual functionality, acting as both tumor suppressors and oncogenes. Interestingly, some miRNAs seem to have a double-edged sword-like effect on tumor progression, playing diametrically opposite promotion or inhibition effects on tumors at different stages, such as miR-200c (Korpal et al., 2011; Pecot et al., 2013; Toiyama et al., 2014; Yan et al., 2022). In agreement with their oncogenic or tumor-suppressive roles, miRNA-targeting cancer therapeutic strategies include miRNA mimics, small-molecule antagonists/drugs, or miRNA inhibitors based on oligonucleotide, sponge, or CRISPR/Cas9 genome editing (Regazzi, 2018; He et al., 2020; Yan et al., 2022). The therapeutic strategies for miRNA delivery mainly rely on liposomes, cationic polymers, peptide-based transmembrane structures, adeno-associated viral vectors, and exosomes (Arun et al., 2018; Liu et al., 2020; Sil et al., 2020).
2.2 lncRNAs
To date, approximately 60,000 aberrantly expressed lncRNAs have been identified from human tumor tissues and cancer cell lines, and although the functions of most RNAs in tumors are not well defined, there are approximately 30,000 publications about cancer-related lncRNAs on PubMed (Iyer et al., 2015). Similar to miRNAs, cancer-related lncRNAs also act as oncogenes or suppressors to regulate cancer initiation, angiogenesis, metastasis, and drug resistance. Among them, the more well-studied oncogenic lncRNAs are mainly GHET1, ANRIL, MALAT1, PCAT-1, HOTAIR, HOTTIP, and PCA3, which are often overexpressed in cancer and are associated with poor patient outcomes (Clark and Mattick, 2011; Regazzi, 2018). In contrast, GAS5, MEG3, LincRNA-p21, NCRNACCND1, and CASC15-S, which are cancer suppressors, are generally underexpressed in cancer and are related to good patient prognosis (an and Bu, 2021; Yan et al., 2022; Tang et al., 2017). The functional mechanism of these lncRNAs in tumor cells involves a variety of cell signaling pathways related to cellular processes, such as p53, nuclear transcription factor-κB (NF-κB), phosphatidyl inositol 3-kinase (PI3K)/protein kinase B (AKT), extracellular regulated protein kinases (ERK)/mitogen-activated protein kinase (MAPK), wingless-type MMTV integration site family (Wnt)/β-chain protein (β-catenin), and hypoxia-inducible factor-1α (HIF1α) (Peng et al., 2017). In addition, the competing endogenous RNA (ceRNA) regulatory network of lncRNA‒miRNA-mRNA is an important molecular mechanism for ncRNA functions in tumor pathogenesis (Lei et al., 2019). Emerging therapeutic strategies targeting lncRNAs mainly focus on the clearance of oncogenic lncRNAs mediated by RNA interference (RNAi), morpholino-based antisense oligonucleotides (MO-ASOs), natural antisense RNAs (NATs), CRISPR‒Cas9 genome editing, etc. (Schnekenburger et al., 2014; Slack and Chinnaiyan, 2019).
2.3 Other ncRNAs
The success of miRNA-based cancer research has promoted not only the research progress of lncRNAs but also research on other ncRNA families and identified them as potential therapeutic targets for cancer, such as circRNAs, tsRNAs, piRNAs, and snoRNAs. Compared with the first two ncRNAs, there are relatively few studies on these ncRNAs. For example, there are fewer than 5,000 literature reports on tumor-related circRNAs on PubMed. The expression profiles of circRNAs in human cancers are diverse, depending on the type of cancer (Li et al., 2021). That is, each type of tumor has only its own unique abnormally expressed RNA, and the expression of a given circRNA is significantly different in different cancer types. Therefore, the tissue and cancer specificity of circRNA expression profiles makes them potentially reliable prognostic markers for cancer diagnosis and therapy. At present, well-characterized tumor-related circRNAs are mainly from breast, lung, liver, and gastric cancers. These circRNAs have been reported to be involved in cancer development as oncogenes or tumor suppressor genes, ranging from tumor growth and metastasis to drug resistance, such as circAGFG1, CircDnmt1, circHER2 circTADA2A-E6, and Circ0025202 (Kristensen et al., 2018; He et al., 2021; Zhou et al., 2021). tsRNAs are the second most abundant member of the sncRNA family after miRNAs (Lee et al., 2009). They are often highly expressed in cancers under stress and correlate with the clinical stage of cancer (Fu et al., 2009; Gebetsberger and Polacek, 2013). Moreover, tsRNA expression levels are also elevated in the serum and urine of cancer patients, suggesting their potential as diagnostic markers for cancer (Lakings et al., 1977; Gehrke et al., 1979). piRNAs were originally thought to be mainly expressed in the reproductive system but not in cancer (Siddiqi and Matushansky, 2012). Recently, increasing evidence has shown that piRNAs are not only abnormally expressed in cancer but also related to the mechanism of tumor occurrence and development. For example, piRNA-823, piRNA-54265A, and piR-651 are highly expressed in tumors and play a role in promoting cancer development (Feng et al., 2020; Mai et al., 2020). Similarly, the functions of snoRNAs have been considered for many years to be those of housekeeping genes; however, there is increasing evidence that high expression of certain snoRNAs also has oncogenic effects (Thorenoor and Slaby, 2015), such as snoRNA U50 and SNORA42 (Tanaka et al., 2000; Mei et al., 2012). However, despite the important roles of these ncRNAs in cancer, their functional and mechanistic studies in tumorigenesis are still at an early stage and require further investigation.
3 MARINE-DERIVED ANTITUMOR AGENTS
As described above, the emergence of tumor-related ncRNAs provides a new alternative for cancer diagnosis and therapy. However, compared with many other potential targets (oncogenes, mutations, gene fusion, etc.), the advantages of targeted ncRNA therapy in cancer are still unclear, and their effective application in clinical cancer intervention remains challenging and is limited by many obstacles, such as off-target effects, toxicity of the delivery system, and synthetic ncRNA immunogenicity (Peng et al., 2017). At present, chemotherapy is one of the most effective methods for the treatment of cancer, especially for patients with advanced tumors or with a tendency to spread throughout the body. However, it is a systemic treatment that allows them to destroy or eliminate tumor cells while also causing damage to normal cells, bringing adverse reactions to patients. In addition, tumor cells have a certain resistance to the effects of chemotherapeutic drugs through self-regulation, which significantly reduces the efficacy of chemotherapeutic drugs (Perez-Herrero and Fernandez-Medarde, 2015). Therefore, these limitations limit the clinical application of chemotherapeutic drugs and are further incentives to find other effective treatments with fewer side effects.
Over the past 20 years, emerging evidence has shown that natural products, including marine-derived compounds or derivatives, represent an available source of antitumor drugs, new drugs and chemical entities, whose biologically active ingredients exhibit potent cytotoxic effects on tumor cells with few side effects (Newman et al., 2003; Wu et al., 2021). The antitumor effects of these marine-derived substances have been or are being demonstrated in vitro, in vivo (animal models), and in preclinical and clinical trials (Newman and Cragg, 2012; Newman and Cragg, 2014). Many have been approved as antitumor drugs for clinical cancer treatment, such as cytarabine, eribulin mesylate, and trabectidine (Khalifa et al., 2019). As shown in Figure 2 these marine-derived agents derived from marine plants and microbes, the Caribbean sponges (Cryptotethya crypta), were the first to be studied with tumor cytotoxicity, followed by those derived from many other organisms, ranging from marine microflora (bacteria, actinomycetes, cyanobacteria, and fungi) and plantarum (microalgae and macroalgae) to invertebrate animals (e.g., sponges, soft corals, nudibranchs, and tunicates) (Khalifa et al., 2019). However, the antitumor mechanisms of these marine-derived agents remain to be further studied. With the advancement of science and technology and extensive research on the ocean, such as deep-sea mining, extraction and separation, molecular modification, genetic engineering, and organic synthesis (Wu et al., 2021), an increasing number of organisms and their metabolites have been used in the study of marine natural antitumor agents. However, the antitumor mechanism, clinical safety and treatment strategy of the active ingredients of marine-derived agents still need to be further studied. Evidence suggests that their toxic effects on tumor cells are achieved by targeting cancer-related molecules expressed by cancer cells, such as macromolecules in signal transduction pathways (Newman et al., 2003; Wu et al., 2021). Moreover, recent studies have shown that several small molecules are also involved in the antitumor mechanism of marine-derived substances, including ncRNAs.
[image: Figure 2]FIGURE 2 | Marine-derived antitumor drugs. Antitumor substances of marine natural origin include polysaccharides, polyphenols, alkaloids, and peptides extracted from marine organisms, including microflora, plants and invertebrates. At present, several marine-derived antitumor substances have been used as drugs for the treatment of clinical human tumors, including leukemia and lung, gastric, colon, liver, breast, and liver cancers.
4 NCRNAS AS ONCOGENES OR TUMOR SUPPRESSORS INVOLVED IN THE ANTITUMOR MECHANISM OF MARINE-DERIVED AGENTS
Studies have found that marine-derived agents exert antitumor activity by interfering with basic cellular processes of tumor cells, such as proliferation, apoptosis, autophagy and the cell cycle. Mechanistically, it was found that several marine substances could affect the expression levels of ncRNAs (mainly miRNAs and lncRNAs) in tumor cells and then affect their functions so that the antitumor functions of these marine-derived substances depend at least to some extent on the ncRNAs they affect, including SZ-685C, eribulin, maritoclax, trabectedin, spirulina, bostrycin, cytarabine, fucoidan, 1386A, actinomycin X2, 1-hydroxy-1-norresistomycin, and ASP-3 Figure 3 and (Table 1). Furthermore, the sensitivity or tolerance of tumor cells to these marine-derived agents (cytarabine and trabectedin) can also be affected by these marine-agent-related ncRNAs, as shown in Figure 4 and Table 2. The data suggest that marine-derived agent-related ncRNAs can act as oncogenes or tumor suppressor genes to mediate or regulate the antitumor activity of marine-derived agents.
[image: Figure 3]FIGURE 3 | The antitumor effects of marine-derived antitumor agents mediated by non-coding RNAs in basic cellular processes. Marine-derived antitumor agents (SZ-685C, eribulin, maritoclax, trabectedin, spirulina, bostrycin, cytarabine, fucoidan, 1386A, actinomycin X2,1-hydroxy-1-norresistomycin, and ASP-3) can induce tumor cell apoptosis (A), inhibit cell proliferation (B), invasion, and metastasis (C), inhibit cell cycle arrest, and enhance tumor cell-killing sensitivity to immune cells (D) by upregulating oncogenic noncoding RNA (ncRNA), or downregulate tumor suppressor ncRNAs.
TABLE 1 | Marine-derived agents associated with ncRNAs in tumor fundamental cellular processes.
[image: Table 1][image: Figure 4]FIGURE 4 | Marine-derived antitumor agent-related non-coding RNAs in tumor cell drug sensitivity and resistance. Non-coding RNAs (ncRNAs) regulated by marine-derived antitumor agents (cytarabine or trabectedin) can be used as tumor suppressors to induce the drug sensitivity of tumor cells (A) or as oncogenes to induce cellular drug resistance (B).
TABLE 2 | Marine-derived agents associated with ncRNAs in tumor drug sensitivity and resistance.
[image: Table 2]4.1 Regulation of basic cellular processes in tumor cells (apoptosis, proliferation, cell cycle, invasion, and migration) by ncRNA-related marine-derived drugs
4.1.1 miRNA-related marine-derived agents
SZ-685C is a marine anthraquinone isolated from a mangrove endophytic fungus, and its anticancer effects have been demonstrated in various tumors, including breast, prostate, liver, and pituitary cancers and glioma (Xie et al., 2010; Chen et al., 2013a). SZ-685C inhibited the proliferation ability of tumor cells in vitro and xenograft tumor growth in vivo (Xie et al., 2010; Chen et al., 2013a). In addition, SZ-685C has a direct proapoptotic effect by downregulating the phosphorylation of AKT (p-AKT) and its downstream factors forkhead box protein O1 (FOXO1) and FOXO3a (Xie et al., 2010). Regarding pituitary tumor cells, the apoptotic capacity induced by Z-685C exhibited a microRNA-200c (miR-200c) dependency (Chen et al., 2013a). Treatment with SZ-685C significantly downregulated the expression level of miR-200c in tumor cells, while overexpression of miR-200c significantly attenuated SZ-685C-induced apoptosis (Chen et al., 2013a). MicroRNA-200c has been reported to act as an oncogene to inhibit the apoptosis of pituitary adenoma cells by decreasing phosphatase tensin homolog (PTEN) expression but upregulating the expression of p-AKT (Liao et al., 2013). These results suggest that SZ-685C exerts antitumor effects by targeting the miR-200c/PTEN/Akt/FOXO pathway to induce apoptosis.
Eribulin (eribulin mesylate), a synthetic analog of a natural polyether macrolide derived from marine sponges, is a tubulin-interacting cytotoxic agent that was approved for the treatment of metastatic breast cancer and soft tissue sarcoma (STS) (Seetharam et al., 2018). The antitumor activity of eribulin is mainly manifested by downregulating Rho to inhibit cell migration and by promoting cell apoptosis through upregulating p53 and BAX (Wiemer et al., 2017). Moreover, studies have shown that miRNAs are also involved in the antitumor mechanism of eribulin. Furuya reported that the expression profiles of miRNAs in different types of triple-negative breast cancer (TNBC) cells treated with eribulin were significantly different, including miR-195, which has been reported to significantly impact oncogenicity in various cancers (Furuya et al., 2016; Yu et al., 2018a). Compared with the basal-like TNBC cells of HCC1143, the expression level of miR-195 was significantly decreased compared to the nonbasal-like TNBC cells of MDA-MB 231. Correspondingly, the expression of Wnt3a, a target of miR-195, was significantly lower in MDA-MB-231 cells treated with eribulin (Furuya et al., 2016). Since the inhibition of Wnt3a can lead to the inactivation of the Wnt/β-catenin signaling pathway and induce cancer cell apoptosis, the apoptosis level of MDA-MB-231 cells after eribulin treatment is significantly higher than that of HCC1143 cells (Green et al., 2013; Furuya et al., 2016). These results confirm the role of miRNAs in the antitumor effect of eribulin and may explain the different susceptibilities to eribulin in patients with different breast cancer types.
Maritoclax, a natural compound isolated from marine Streptomyces, is a B-cell lymphoma-2 (BCL-2) family inhibitor that induces proteasomal degradation of myeloid cell leukemia-1 (MCL-1) (Haste et al., 2011; Doi et al., 2012). The antitumor effect of maritoclax by inducing apoptosis has been demonstrated in tumors (Pandey et al., 2013; Doi et al., 2014; Varadarajan et al., 2015; Jeon et al., 2018). In addition, maritoclax was recently shown to enhance TRAIL-induced apoptosis in tumor cells. Jeon found that combined treatment with maritoclax and TRAIL markedly induced apoptosis in different types of tumor cells, including kidney, lung, and liver cancer cells (Jeon et al., 2018). C/EBP homologous protein (CHOP)-mediated upregulation of death receptor 5 (DR5) was then proven to be involved in the enhancement of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis by maritoclax (Jeon et al., 2018). Meanwhile, the expression of miR-708, which is considered an oncogene or a tumor suppressor gene in different tumors, was significantly increased by maritoclax (Jeon et al., 2018; Sun et al., 2019). Furthermore, it was found that miR-708 could mediate the downregulation of cellular FLICE-inhibitory protein (cFLIP), which played a negative role in the enhancement of TRAIL-induced apoptosis by maritoclax (Jeon et al., 2018). This suggests that miR-708 acts as a tumor suppressor gene involved in the apoptosis induced by maritoclax combined with TRAIL.
Trabectedin (Ecteinascidin-743 or NSC 684766) is a tetrahydroisoquinoline alkaloid isolated from the marine tunicate Ecteinascidia Turbinata that has a potent antitumor effect by regulating various transcription factors involved in cell proliferation and the cell cycle (Trabectedin, 2006). Trabectedin has been approved for the clinical treatment of cancer, primarily ovarian cancer and soft tissue sarcoma (Krasner et al., 2012; Di Giandomenico et al., 2014). Trabectedin was also found to have antitumor activity against other types of tumors, including biliary tract cancer (BTC) and multiple myeloma (MM) (Peraldo Neia et al., 2016; Cuce et al., 2019). In trabectedin-treated BTC cells, the expression of genes involved in tissue development and apoptotic processes was activated, whereas genes involved in cell migration and motility were inhibited, including spleen tyrosine kinase (SYK) and lectin galactoside-binding soluble 1 (LGALS1). Further research showed that silencing SYK or LGALS1 significantly inhibited the migration of BTC cells (Peraldo Neia et al., 2016). miRNA expression profiling of trabectedin-treated BTC cells revealed that 24 microRNAs were deregulated by trabectedin, while 5 microRNAs were perturbed. Interestingly, SYK is a putative target of all upregulated microRNAs, including miR-4284, while LGALS1 is a predicted target of miR-1207-5p and miR-1225-5p (Peraldo Neia et al., 2016). All three miRNAs have been reported to function as tumor suppressor genes in cancer (Aydogdu et al., 2012; Yang et al., 2014), which suggests further investigation into the interaction of these miRNAs with their targets SYK and LGALS1. Regarding multiple myeloma (MM) cells, trabectedin also exerts potent antitumor activity by inducing apoptosis, cell cycle arrest, cellular stress, and DNA damage in vitro and in 3D models (Baruchel et al., 2012). Moreover, trabectedin inhibited the expression of interferon regulatory factor 4 (IRF4), IKAROS family zinc finger 1 (IKZF1) and the miR-17 family (pri-miR-17-92, miR-17, and miR-20a) in MM cells, resulting in the upregulation of MICA, MICB, and ULBP1, ligands of natural killer (NK) cell activating receptor NKG2D, which ultimately lead to the activation and degranulation of NK cells (Cuce et al., 2019). These results suggest that trabectedin treatment not only induces tumor cell suppression but also enhances their lysis susceptibility to immune cells.
Spirulina (Spi), a nutritionally valuable dietary supplement isolated from blue‒green algae (Cyanobacteria), has long been reported to have antitumor properties (ElFar et al., 2022). Further study found that Spi exhibits significant anti-proliferative effects on glioma cells in both in vitro and in vivo models by decreasing the expression of PI3K/AKT/mammalian target of rapamycin (mTOR) and increasing the expression of miR-34a and miR-125b (Arab et al., 2021; Braune et al., 2021). Both miR-34a and miR-125a-5p were reported to have suppressive effects in cancer via the PI3K/AKT/mTOR pathway (Li et al., 2018; Zhang et al., 2020a). Reports suggest that Spi exerts antitumor effects by targeting the miR-34a/PI3K/AKT/mTOR or miR-125b/PI3K/AKT/mTOR pathway to inhibit cell proliferation.
Bostrycin is a classical compound isolated from marine fungi, and its antitumor activity has been demonstrated in prostate, gastric, and lung cancers (Chen et al., 2011; Chen et al., 2012a; Jie et al., 2020). It can significantly inhibit the proliferation of tumor cells, promote apoptosis, and cause cell cycle arrest in the G0/G1 phase (Chen et al., 2011; Chen et al., 2012a). The expression levels of microRNA-638 and microRNA-923 were significantly upregulated in bostrycin-treated lung adenocarcinoma cells. Furthermore, the downregulation of AKT and the upregulation of the cell cycle protein p27 were shown in bostrycin-treated cells (Chen et al., 2011). microRNA-638 has been reported to function as a tumor suppressor gene in tumor cells to regulate cell proliferation, apoptosis, metastasis and autophagy (Wang et al., 2017a; Zhang et al., 2021a; Xu et al., 2021). However, the role of microRNA-923 in tumors and its mechanism still need further study.
Cytarabine (Ara-C), a nucleoside analog derived from sponge, is the first marine-derived drug approved for the treatment of human leukemia and lymphomatous meningitis by disrupting DNA synthesis to induce cell apoptosis (Burnett et al., 2011). Palma found that Ara-C significantly increased the expression level of miR-155 in acute myeloid leukemia (AML) cells, and inhibition of miR-155 made cells resistant to cytarabine-induced apoptosis and inhibited the ability of cells to differentiate (Palma et al., 2014). Ectopic expression of miR-155 in AML cells resulted in enhanced cell differentiation capacity, increased apoptosis, and decreased cell growth and clonogenic capacity, suggesting that miR-155 has tumor-suppressive effects. It was further confirmed that multiple apoptosis- and differentiation-related transcriptional regulators were target genes of miR-155, including c-MYC, c-JUN, Jumonji (JARID2), myeloid ecotropic viral integration site 1 (MEIS1), growth factor independent 1 transcriptional repressor (GFI1) and tribbles pseudokinase 2 (TRIB2) (Palma et al., 2014). These results suggest that Ara-C could induce apoptosis and differentiation of AML cells by upregulating the tumor suppressor miR-155.
Fucoidan is a sulfated polysaccharide isolated from brown seaweed and has various pharmacological effects, including antitumor effects (Wu et al., 2016; Deepika et al., 2019). It is able to induce apoptosis of various tumor cells in vitro by regulating many signaling pathways, such as caspase family proteins, transforming growth factor (TGF) receptor, Smad 4 protein, and secreted frizzled-related protein 2 (SFRP2) (Senthilkumar and Kim, 2014; Ma et al., 2021). A total of 53 miRNAs were affected by fucoidan in a 24-hour test study of healthy volunteers ingesting a single dose of 1 g of fucoidan for 24 h (Gueven et al., 2020). These miRNAs affected 29 different pathways and processes, including cancer-related pathways, consistent with most previous results obtained in the laboratory. This study shows that even a single dose of a fucoidan drug has the potential to affect the expression of genes involved in basic cellular processes (Gueven et al., 2020). Analysis of the microRNA expression profiles of fucoidan-treated HCC cells revealed that the expression level of miR-29b was markedly upregulated by fucoidan. miR-29b was subsequently shown to act as a tumor suppressor gene to inhibit the EMT process by targeting the DNA methyltransferase (DNMT) 3B-metastasis suppressor (MTSS) 1 axis, ultimately leading to a reduction in cell-invasive activity (Yan et al., 2015). Furthermore, in an in vivo model of hepatocellular carcinoma (HCC), fucoidan significantly improved survival, inhibited cellular proliferation, and decreased serum AFP expression levels in HCC rats. Additionally, fucoidan reduced the upregulation of miR-143 and NF-κB expression levels induced by HCC (El-Far et al., 2021). The miR-143/NF-κB pathway was proven to be an important component involved in tumor progression and invasion (Zheng et al., 2018). This suggests that fucoidan may inhibit the metastasis of liver cancer by inhibiting the miR-143-mediated signaling pathway but promoting the miR-29-mediated signaling pathway.
The marine fungal metabolite 1386A, a small-molecule compound derived from a mangrove fungus, was reported to significantly inhibit MCF-7 cell proliferation in a time- and dose-dependent manner (Tang et al., 2012). Analysis of miRNA expression profiles induced by 1386A revealed that several deregulated miRNAs may play complex roles in 1386A-induced breast cancer cytotoxicity, including the unregulated tumor suppressor miRNAs (let-7a and miR-15/16) and the downregulated oncogenic miRNAs (miR-21, miR-27a and miR-633) (Tang et al., 2012). This suggests that 1386A may be an effective antitumor drug, and its molecular mechanism may be related to miRNAs, which needs further study.
Marine-derived Streptomyces MS449 produces high yields of the polypeptide antibiotics actinomycin X2 (AX2), actinomycin D, and actinomycin X0β. Among them, AX2 and actinomycin D showed strong anti-tuberculosis activity (Wang et al., 2017b). However, all three of them showed strong antitumor activity, especially AX2 (Chen et al., 2012b). Liu Jun found that AX2 could significantly reduce the proliferation rate and induce the apoptosis of prostate cancer cells by regulating the PTEN/PI3K/AKT/mTOR signaling pathway (Liu et al., 2016). Meanwhile, it was also found that AX2 decreased the expression level of miRNA144, and the direct target gene of miR-144 was subsequently identified as mTOR (Liu et al., 2016). However, miR-144 acts as a tumor suppressor gene to regulate cell proliferation, apoptosis and autophagy (Xiao et al., 2015; Wang et al., 2017c; Zhang et al., 2020b). In addition, it is well known that mTOR is a positive feedback regulator of the PI3K/Akt/mTOR pathway. Therefore, these data suggest that the antitumor effect of AX2 via modulation of the PTEN/PI3K/AKT/mTOR pathway may be somewhat attenuated by downregulation of miR-144.
4.1.2 lncRNA-related marine-derived agents
In addition to miRNAs, several lncRNAs have also been implicated in the antitumor activity of marine-derived drugs, including the tumor suppressors LINC00261 (Ma et al., 2021), lncRNA-p21 (Yan et al., 2019), lncRNA LED and LOC285194 (Ramalingam et al., 2018) and the oncogenic lncRNA-Saf (Yan et al., 2019). As mentioned above, miR-29b- and miR-143-mediated signaling pathways play important regulatory roles in the activity of fucoidan against HCC (Yan et al., 2015; El-Far et al., 2021). It was further found that the lncRNA-mediated signaling pathway was also involved in the antitumor mechanism of fucoidan (Yan et al., 2019; Ma et al., 2021). LINC00261 was significantly upregulated by fucoidan in HCC cells and then acted as a tumor suppressor gene by regulating the miR-522-3p/secreted frizzled-related protein 2 (SFRP2) signaling pathway to inhibit cell proliferation and invasion (Ma et al., 2021). Similarly, lncRNA-p21 was also upregulated by fucoidan, which has been shown to inhibit the invasion and metastasis of HCC cells (Yan et al., 2019). In contrast, the expression of lncRNA-Saf was significantly downregulated by fucoidan in HCC cells, which has been shown to increase the anti-apoptotic ability of cells by affecting the alternative splicing of tumor necrosis factor (TNF) receptor superfamily member 6 (Fas) (Yan et al., 2005; Yan et al., 2019). These data suggest that fucoidan-mediated antitumor effects are closely related to the regulation of oncogene lncRNAs and tumor suppressor lncRNAs in tumors.
1-hydroxy-1-norresistomycin (HNM) is a secondary metabolite isolated from the marine actinomycete Streptomyces variabilis and has potent antimicrobial and antioxidant activity (Ramalingam and Rajaram, 2016). Recently, the antitumor effect of HNM was reported in human adenocarcinoma lung cancer cells. HNM can significantly inhibit cell proliferation, metastasis and invasion and promote cell apoptosis and cell cycle arrest. Mechanistically, p53-mediated transcriptional regulation of long noncoding RNAs (lncRNAs LED and LOC285194) was shown to be attributed to the repressive effect of HNM (Ramalingam et al., 2018). Among them, HNM-induced upregulation of the lncRNA LED can induce cell cycle arrest by targeting p21, while upregulation of LOC285194 can inhibit cell growth (Ramalingam et al., 2018). These findings also suggest the potential value of HNM as an anticancer drug by regulating tumor suppressor lncRNAs.
ASP-3 is a protein purified from marine Arca subcrenata and exhibits a strong inhibitory effect on the proliferation of HCC cells (Guo et al., 2019). Mechanistically, ASP-3 was found to effectively reduce vascular endothelial growth factor receptor (VEGFR) 2 phosphorylation (p-VEGFR2) in tumor cells and affect the vascular endothelial growth factor (VEGF) signaling pathway. Moreover, some tumor-related lncRNAs are regulated by ASP-3, including lncRNA ATG9B, which targets the VEGF signaling pathway (Guo et al., 2019). This suggests that ASP-3 can be used as an antitumor drug, and its molecular mechanism may be achieved by activating the ATG9B/VEGF signaling pathway to inhibit tumor angiogenesis-mediated cell invasion, which needs further study.
4.2 Regulation of ncRNA-related marine-derived agents in tumor drug sensitivity and resistance
4.2.1 miRNA-related marine-derived agents
Cytarabine (AraC) serves as an essential cytotoxic agent in AML treatment, and AraC resistance is the main cause of treatment failure in patients (Dombret and Gardin, 2016). In the past two decades, many cytarabine resistance-related oncogenic or tumor-suppressive miRNAs have been identified in AML and other tumors. Generally, the expression of drug resistance-related tumor-suppressive miRNAs is depressed by AraC in tumor cells. For example, the expression levels of miR-143 and miR-181a were significantly reduced in Ara-C-treated AML cell lines and primary AML cells (Bai et al., 2012; Zhang et al., 2020c). Ectopic expression of miR-143 or miR-181a significantly reduced cell viability in Ara-C-treated AML cells, suggesting that these two miRNAs could enhance the sensitivity of AML cells to Ara-C (Bai et al., 2012; Zhang et al., 2020c). Mechanistically, miR-143 inhibited the induction of autophagy by targeting the autophagy-related genes (ATG)7 and ATG2B, thereby eliminating the inhibitory effect of autophagy in cytarabine-induced AML cell-dependent apoptosis and cytotoxicity (Zhang et al., 2020c). miR-181a was found to target Bcl-2 to enhance cytochrome C release, which in turn activates caspases 9/3 and ultimately initiates the apoptosis pathway (Bai et al., 2012). Moreover, overexpression of miR-12462, let-7a, miR-29a, or miR-30c was also found to sensitize AML cells to Ara-C in vitro and in vivo (Russ et al., 2011; Chen et al., 2013b; Jia et al., 2020). Furthermore, let-7a was proven to be involved in stromal-derived factor 1α (SDF-1α)/C-X-C chemokine receptor type (CXCR)4 axis-induced Ara-C tolerance through the SDF-1α/CXCR4/Yin Yang 1 (YY1)/let-7a/c-MYC/B-cell lymphoma extra-large (BCL-XL) pathway (Chen et al., 2013b). Downregulation of sodium/hydrogen exchanger 1 (NHE1), an isoform in the Na+/H+ exchanger family, was then found in miR-12462-overexpressing AML cells (Jia et al., 2020), while downregulation of ITGB3, c-MYC and BCL-XL was shown in let-7a-overexpressing AML cells (Chen et al., 2013b). In addition, low expression of miR-625-3p was found in ALL cell lines, and its overexpression significantly increased cell sensitivity to Ara-C-induced apoptosis (Jiang et al., 2018).
Similarly, miR-134 and miR-181b were significantly downregulated in multidrug-resistant leukemia cells and samples from patients with relapsed/refractory AML (Lu et al., 2014; Chen et al., 2018a). Overexpression of miR-134 or miR-181b can significantly increase the sensitivity of cells to Ara-C and enhance the ability of Ara-C to induce apoptosis (Lu et al., 2014; Chen et al., 2018a). miR-134 was then proven to inhibit the phosphorylation of eukaryotic initiation factor 4E (eIF4E) by targeting mitogen-activated protein kinase-interacting kinases (MNKs), leading to the downregulation of the antiapoptotic proteins MCL-1 and BCL2 (Chen et al., 2018a). Among them, Mcl-1, together with HMGB1, was also involved in the miR-181b-mediated enhancement of cellular sensitivity to Ara-C (Lu et al., 2014), which suggests the positive regulatory effect of miRNAs on Ara-C-induced apoptosis. In addition, miR-24-3p was found to be significantly more highly expressed in Ara-C-sensitive AML cell lines than in Ara-C-resistant cell lines (Bhise et al., 2019), indicating the role of miR-24-3p in the maintenance of cellular sensitivity to Ara-C. dCMP deaminase (DCTD), an enzyme involved in the metabolic inactivation of cytarabine expression, was suggested to possibly mediate the function of miR-24-3p (Bhise et al., 2019). These results suggest that Ara-C resistance-associated tumor suppressor miRNAs can inhibit the development of resistance by enhancing cellular chemosensitivity, inhibiting drug-induced autophagy, or maintaining drug cytotoxicity in tumor cells.
Unlike the tumor suppressor miRNAs associated with Ara-C resistance, the expression of oncogenic miRNAs associated with Ara-C resistance is induced by this drug in chemoresistant AML cell lines or patients, such as miR-15a-5p, miR-21-5p (Vandewalle et al., 2021), miR-126-5p (Shibayama et al., 2015), miR-10a (Vu et al., 2021), miR-331 (Butrym et al., 2015), miR-21 (Riccioni et al., 2015), and miR-335 (Yingchun et al., 2015). Moreover, it was found that overexpression of miR-15a-5p, miR-21-5p (Vandewalle et al., 2021), or miR-126-5 (Shibayama et al., 2015) significantly decreased cytarabine-induced apoptosis in AML cells, while inhibition of miR-10 (Vu et al., 2021), miR-21 (Li et al., 2010), or miR-32 (Gocek et al., 2011) could effectively inhibit cell viability and enhance the sensitivity of cells to Ara-C-induced apoptosis. Mechanistically, miR-15a-5p and miR-21-5p contribute to cytarabine resistance by targeting programmed cell death 4 (PDCD4), ADP-ribosylation factor 2 (ARL2), and B-cell translocation gene 2 (BTG2) (Vandewalle et al., 2021). miR-21 and miR-32 negatively regulate the expression levels of PDCD4- and Bcl-2-interacting mediator of cell death (Bim), respectively (Li et al., 2010; Gocek et al., 2011). The expression of the antiaging gene Klotho and the phosphorylation level of AKT were significantly decreased by miR-126-5p (Shibayama et al., 2015). miR-10a was proven to be a regulator of the p53 signaling network (Vu et al., 2021). Its inhibition could induce a synergistic antitumor effect between the MDM2 inhibitor Nutlin-3a and cytarabine through the activation of apoptosis in AML cells mediated by the p53 signaling network and the elimination of the inhibitory effect of autophagy on apoptosis (Vu et al., 2021). In addition, miR-34a-5p may also be an oncogenic miRNA that reduces the cytotoxic activity of cytarabine in AML cells by targeting and regulating deoxycytidine kinase (DCK), an enzyme involved in the activation of cytarabine (Bhise et al., 2019), a possible disease pathway that needs further study. Moreover, the regulatory role of miRNAs, such as miR-200, on cellular cytarabine tolerance is also seen in colon cancer. miR-200c expression was significantly upregulated in colon cancer patients, and its silencing in tumor cells induced apoptosis and inhibited cell survival, migration, and invasion. Moreover, silencing miR-200c sensitized cellular chemosensitivity to Ara-C in vitro and in vivo by modulating the expression of PTEN and the phosphorylation of p53 (Chen et al., 2014). These results suggest that the response of tumor cells to therapeutic cytotoxic agents can be increased by decreasing the expression of these cellular drug resistance oncogenic miRNAs.
Regarding trabectedin, myxoid liposarcoma (MLS) is the most sensitive type of soft tissue sarcoma to this drug, which may be correlated to the expression of the FUS-CHOP fusion gene generated by the chromosomal translocation t (12; 16) (q13; p11) (Grosso et al., 2007; Forni et al., 2009). Nonetheless, it has been observed in the clinic that some patients bearing MLS remain resistant to long-term treatment with trabectedin. Analysis of miRNA expression profiles in trabectedin-sensitive myxoid liposarcoma (MLS) cells and trabectedin-resistant cells revealed that 47 miRNAs were differentially expressed, including 24 overexpressed miRNAs and 23 underexpressed miRNAs (Uboldi et al., 2012). The target genes predicted by these differentially expressed miRNAs mainly existed in the immune response, the apoptosis regulatory system and the cell cycle. Several miRNAs have been shown to be associated with drug resistance, such as miR-130a, miR-19a, and miR-125a-5p (Huang et al., 2018; Huang et al., 2019; Zhang et al., 2020d), which suggests their value as indicators in tumor treatment, prognosis, or recurrence. Compared with patient-bearing MLS, resistance to trabectedin is more common in patients with non-small cell lung cancer (NSCLC) with a low response rate (20%–30%) for many chemotherapy drugs (Fossella, 2002; Rosell et al., 2002). miR-195 has been shown to be downregulated in NSCLC and acts as a tumor suppressor gene to inhibit the progression of tumor cells by regulating proliferation, apoptosis, and senescence (Arima et al., 2014; Yongchun et al., 2014; Liu et al., 2015). Furthermore, miR-195 was found to sensitize NSCLC to microtubule-targeting agents, especially trabectedin, in vitro and in vivo. Moreover, it was found that the facilitative effect of miR-195 on trabectedin was achieved by targeting checkpoint kinase 1 (CHEK1) (Yu et al., 2018b). Inhibition of miR-195 or overexpression of CHEK1 contributes to the resistance of NSCLC cells to trabectedin (Yu et al., 2018b). This suggests the potential value of trabectedin tolerance-related miRNAs as indicators of efficacy, prognosis or relapse in this drug therapy.
4.2.2 lncRNA-related marine-derived agents
Similar to marine-derived agent-related miRNAs, lncRNAs associated with marine-derived agent resistance are also common in AML to Ara-C. However, these lncRNAs associated with Ara-C resistance mainly act as oncogenes to suppress cellular chemosensitivity and induce drug resistance, including lncRNA DANCR, GAS6-AS2, HOTAIRM1 and MALAT1. The lncRNA DANCR is highly expressed as an oncogene in many tumors, including AML (Thin et al., 2018; Zhang et al., 2021b). Interestingly, Ara-C further increased the expression level of DANCR in AML cells, and DANCR knockdown significantly reduced the resistance of AML cells to Ara-C. Further studies revealed that DANCR was able to promote autophagy in Ara-C-treated AML cells via the miR-20a-5p/ATG16L1 signaling pathway (Zhang et al., 2021b). This suggests that DANCR enhances the antagonism of autophagy against cytarabine-induced apoptosis by promoting autophagy, thereby inducing resistance to cytarabine in AML cells. LncRNA GAS6-AS2, a tumor-associated lncRNA first discovered in AML cells, is abnormally highly expressed and exhibits oncogenic effects in various tumors, including AML (Bester et al., 2018). The first oncogene function identified for GAS6-AS2 was involved in mediating Ara-C resistance in AML cells. GAS6-AS2 overexpression significantly promoted AML cell resistance to Ara-C-induced apoptosis in vitro and in vivo. Mechanistically, it was proven that GAS6-AS2 could increase the upregulation of growth arrest-specific gene 6 (GAS6) ligand and its receptor tyrosine kinase (AXL) to promote cellular survival and resistance (Bester et al., 2018). Similarly, HOTAIRM1 and MALAT1 have usually been shown to act as oncogenes that are highly expressed in AML and various other human tumors. Knockdown of both enhanced the sensitivity of AML to Ara-C, decreased cell viability and increased apoptosis (Chen et al., 2020; Goyal et al., 2021). HOTAIRM1 knockdown also suppressed glucose consumption and lactate production in AML cells (Chen et al., 2020). Subsequently, the role of HOTAIRM1 was confirmed to be related to the Wnt/β-catenin/platelet-type phosphofructokinase (PFKP) signaling pathway, while MALAT1 could target and regulate the tumor suppressor gene miR-96C (Chen et al., 2020; Goyal et al., 2021). In addition, TUG1 expression was elevated in refractory or relapsed acute myeloid leukemia (R/R AML) patients who received Ara-C combined with other drugs. It was further found that patients with high TUG1 expression had a lower overall response rate (ORR), lower complete response (CR) value, and shorter overall survival (OS) (Luo et al., 2018). This suggests that TUG1 is a potential biomarker for poor prognosis in R/R AML patients treated with Ara-C, but the relationship between TUG1 and tumor cell resistance to Ara-C requires further study.
5 THE ANTITUMOR EFFECTS OF MARINE FOOD-DERIVED NCRNAS
The aforementioned ncRNAs in tumors play important regulatory roles as oncogenes or tumor suppressors in the antitumor effects of marine-derived drugs in different clinical research stages, as shown in Table 3. Interestingly, recent studies have found that ncRNA in marine food can play an anti-tumor role by mediating gene expression across species, which further confirms the anti-tumor strategy of marine ncRNA targeting (shown in Figure 5). These marine food-related ncRNAs were mainly from shrimp fed by miRNA-expressing bacteria, including mja-miR-35-3p, miR-S8, miR-965, miR-34, and mja-miR-35 (Table 4). This suggests that the active ingredients of marine-derived antitumor drugs are not limited to polyphenols, polysaccharides, alkaloids, or peptides but may also be ncRNAs.
TABLE 3 | ncRNA-associated marine-derived anti-tumor agents.
[image: Table 3][image: Figure 5]FIGURE 5 | The antitumor effects of marine shrimp-derived microRNAs. microRNAs (miRNAs) derived from marine shrimp (Marsupenaeus japonicus) exhibit antitumor ability by regulating cross-species gene expression to inhibit human tumorigenesis, tumor growth, and tumor metastasis.
TABLE 4 | Marine food-derived miRNAs as anti-tumor agents.
[image: Table 4]mja-miR-35-3p is a microRNA derived from marine shrimp (Marsupenaeus japonicus), and its expression can be significantly upregulated by white spot syndrome virus (WSSV), which in turn plays an important role in the antiviral infection of shrimp (Huang et al., 2012). Overexpression of mja-miR-35-3p in human melanoma and breast cancer stem cells inhibited cell proliferation, arrested the cell cycle, and induced cellular apoptosis (Zhang and Zhang, 2019). Furthermore, it was found that mja-miR-35-3p could target and decrease the upregulated peptidylprolyl cis/trans isomerase NIMA-interacting 1 (PIN1) in human melanoma and breast cancer stem cells, thereby leading to the elimination of the stemness of tumor stem cells (Zhang and Zhang, 2019). In addition, the anti-human tumor effect of mja-miR-35 on the tumorigenic ability of melanoma stem cells in vivo was confirmed. Similarly, the shrimp microRNAs miR-S8 and miR-965 were also found to inhibit the stemness of human melanoma stem cells in vitro and in vivo (Yang et al., 2017; Wu et al., 2020). Mechanistic studies showed that miR-S8 targeted human Y-box binding protein 1 (YB-1) and inhibited its expression, thereby mediating the reduction in stem cell tumorigenicity (Yang et al., 2017). miR-965 suppresses the expression of human myeloid cell leukemia sequence 1 (MCL-1) and disrupts the balance of the MCL-1-endoplasmic reticulum (ER) stress-human X-box-binding protein 1 (XBP1) feedback loop by interacting with the human Ago2 protein (Wu et al., 2020). These results suggest that shrimp microRNAs can inhibit the stemness of human tumor stem cells by regulating human tumor-related genes in a cross-species manner.
Similar to mja-miR-35, shrimp miR-34 and mja-miR-35 are two other WSSV-associated miRNAs whose expression can be upregulated by the virus, which then suppress the virus by targeting the viral genes wsv330 and wsv359 or wsv140, wsv279, wsv309, and wsv361, respectively (Cui et al., 2017; Chen et al., 2018b; Cui et al., 2021). Overexpression of shrimp miR-34 or mja-miR-35 in human breast cancer cells significantly suppressed cell metastasis in vitro and in vivo (Cui et al., 2017; Chen et al., 2018b). The molecular mechanism of shrimp miR-34 against human tumors was shown to be related to shrimp miR-34-mediated expression of multiple human tumor-related genes, including cyclin D1 (CCND1), cyclin dependent kinase 6 (CDK6), cyclin E2 (CCNE2), E2F transcription factor 3 (E2F3) FOS-like antigen-1 (FOSL1), and hepatocyte growth factor receptor (MET) (Cui et al., 2017), while the tumor suppressor function of mja-miR-35 is achieved by targeting M2 macrophages and human chitinase-3-like protein 1 (CHI3L1) (Chen et al., 2018b). Interestingly, elevated levels of mature miR-34 or mja-miR-35 expression were also found in shrimp fed bacteria overexpressing miRNAs (bacteria-miR-34 or bacteria-mja-miR-35), even in cooked shrimp (Chen et al., 2018b; Cui et al., 2021). Moreover, food (bacteria-miR-34 or bacteria-mja-miR-35)-derived shrimp miR-34 or mja-miR-35 still contribute to the antiviral immune response of shrimp (Chen et al., 2018b). Further studies found that transfection of human breast cancer cells with shrimp miR-34 or mja-miR-35 extracted from the muscle of bacteria-miRNA-fed shrimp could significantly inhibit cell growth and metastasis (Chen et al., 2018b; Cui et al., 2021). In addition, the antitumor effects of these two shrimp miRNAs were also demonstrated in human breast cancer xenograft model mice that were fed the cooked muscle of shrimp fed with bacteria-miRNAs (Chen et al., 2018b; Cui et al., 2021). These results demonstrate that xenogeneic miRNAs can inhibit not only human tumorigenesis but also tumor growth and progression, suggesting their potential as antitumor drugs. Furthermore, these results also suggest that miRNAs in food may be an effective strategy for the simultaneous control of viral diseases in food animals and human cancers.
6 CONCLUSION AND DISCUSSION
ncRNAs are critical regulators of gene expression at multiple biological levels and are involved in the pathophysiology of various diseases, especially tumors. Substantial evidence indicates the potential of ncRNAs as novel biomarkers for tumor diagnosis and prognosis and even drug targets. In addition, as mentioned above, ncRNAs have recently been shown to play important roles in the antitumor mechanisms of marine-derived agents as oncogenes or tumor suppressors. This provides a new understanding of the antitumor mechanism of clinical (including cytarabine, fucoidan, and trabectedin) or potential marine-derived agents (other compounds or derivative derivatives mentioned in the text), which can promote their more rational clinical application or clinical translation. This also suggests that ncRNAs from marine life might be an important source for discovering human antitumor agents by mediating cross-species gene expression. Moreover, this further supports the potential of marine-derived agent-associated ncRNAs as biomarkers for tumor therapy, prognosis and recurrence, especially miRNAs. For example, Natsuko showed that serum miRNAs could serve as biomarkers of response to eribulin therapy in patients with metastatic breast cancer (Satomi-Tsushita et al., 2019). Of the 147 patients, 52 developed at least one new distant metastasis after treatment, and the remaining 95 did not develop new distant metastases. A combination of 8 serum miRNAs was predicted to be related to new distant metastases in patients after eribulin treatment, including miR-4483, miR-8089, miR-4755-3p, miR-296-3p, miR-575, miR-4710, miR-5698, and miR-3160-5p. Among them, miR-8089 and miR-5698 were also significantly associated with the overall survival of patients treated with eribulin (Satomi-Tsushita et al., 2019). This study demonstrates that serum miRNA profiles can serve as biomarkers of responsiveness to eribulin and predict new distant metastases and prognostic development in metastatic breast cancer. In a phase II and phase III clinical trial investigating the antitumor activity of eribulin in patients with metastatic STS, 26 microRNA biomarkers in tumor samples were associated with sensitive or resistant patients (Wiemer et al., 2017). This suggests that the expression levels of these specific microRNAs in STS tissue samples can be used as predictors of patient response to eribulin. In addition, Li found in the serum and bone marrow of 204 Ara-C-treated adult AML patients that the expression level of miR-335 was significantly higher in patients who achieved complete remission than in those who did not (Yingchun et al., 2015). Interestingly, high bone marrow miR-335 levels, but not serum miR-335 levels, were significantly associated with poorer treatment response and predicted poorer prognosis (Yingchun et al., 2015). This suggests that bone marrow miR-335 levels can be used as a biomarker for predicting chemotherapy response and prognosis in Ara-C-treated adult AML patients.
However, the antitumor activity of some marine-derived substances that may have antitumor effects and their molecular mechanisms related to ncRNAs need to be further studied, such as sponge FAU and sponge FAU-derived SNORA62. Sponge FAU is a gene/protein isolated from the marine sponge Suberites domuncula (Perina et al., 2015). It has been shown to promote apoptosis of HEK293T cells, which suggests that sponge FAU may have the same potential for cancer treatment as human FAU (Pickard et al., 2011; Perina et al., 2015). Moreover, the snoRNA SNORA62 was identified in the sponge FAU gene, which is the sponge ortholog of human SNORA62 (E2) (Perina et al., 2015). Human SNORA62 is the most upregulated gene in diallyl sulfide (DAS)-induced apoptosis in HeLa cells (Moodley and Weiss, 2013). This finding indicates that FAU-derived SNORA62 may be a tumor-related snoRNA involved in the regulation of the apoptotic system. In addition, research on the role of other types of ncRNAs in marine-derived antitumor drugs has not been reported and is worthy of study. After all, they also play very important regulatory functions in the occurrence and development of tumors, such as circRNAs. Moreover.
Overall, the available data on ncRNAs as mediators, inhibitors, or drug sources support their indispensable roles in marine-derived antitumor agents by regulating tumor cell tumor cell proliferation, apoptosis, the cell cycle, autophagy, drug sensitivity, or resistance. Therefore, upregulation of drug-related tumor suppressor ncRNAs or elimination of drug-related oncogenic ncRNAs in tumor cells is one of the important options for promising biomarkers for diagnosis, prognosis, or targets for cancer treatment. However, it should be noted that, in most cases, ncRNAs are not the direct targets of these marine antitumor agents. The effect of these drugs on ncRNAs is most likely an indirect or incidental result, which may only contribute a small part of the anti-tumor activity. In addition, we also found that the correlation between ncRNA-related marine-derived agents and tumor drug sensitivity and drug resistance was mainly found in AML, which may be related to the complexity of the recurrence and treatment of hematological tumors, and may also indicate the cancer specificity of marine-derived agents, which all need to be further studied. Therefore, more mechanism studies are needed to clarify the role of ncRNA in the anti-tumor of these agents, including the identification of suitable ncRNA detection methods, the screening of ncRNA biomarkers, and the development of drug-specific ncRNA modulators or adjuvants. Moreover, the research mechanism of some compounds (or foods) mentioned in this review is still limited to the laboratory stage, even only at the level of cell experiment, which still needs to be fully tested in vivo and follow-up clinical trials. With the development of marine biology, marine biochemistry, and marine pharmacy based on high-throughput sequencing and screening techniques, an increasing number of early-stage antitumor drug candidates in preclinical research will be translated into clinical treatment, new marine-derived substances are being used in the development of antitumor drugs, and new marine-derived antitumor drug-related ncRNAs will be identified. Additionally, the efficacy and safety of ncRNA-related marine-derived antitumor drug or food in the cancer treatment will gradually become clear.
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GLOSSARY 
AKT protein kinase B
AML acute myeloid leukemia
AraC cytarabine
BCL-2 B-cell lymphoma-2
BCL-XL B-cell lymphoma-extra large
BTC biliary tract cancer
CART Charge-altering releasable transporter
ceRNA competitive endogenous RNA
circRNA circular RNA
ER endoplasmic reticulum
EV extracellular vesicle
HCC hepatocellular carcinoma
K-RAS Kirsten rat sarcoma viral oncogene homolog
lncRNA long noncoding RNA
MCL-1 myeloid cell leukemia sequence 1
miRNA microRNA
mRNA messenger RNA
ncRNA noncoding RNA
mTOR mammalian target of rapamycin
NF-κB nuclear transcription factor-κB
NK natural killer
NP nanoparticle
PDCD4 programmed cell death 4
piRNA piwi-interacting RNA
PI3K phosphatidyl inositol 3-kinase
PTEN phosphatase and tensin homolog deleted from chromosome 10
RNAi RNA interference
snoRNA small nucleolar RNA
STS soft tissue sarcoma
TRAIL tumor necrosis factor related apoptosis inducing ligand
tsRNA transfer RNA-derived small RNA
VEGF vascular endothelial growth factor
Wnt wingless-type MMTV integration site family
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Non-coding RNA (ncRNA) is one of the functional classes of RNA that has a regulatory role in various cellular processes, such as modulation of disease onset, progression, and prognosis. ncRNAs, such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), have been actively studied in recent years. The change in ncRNA levels is being actively studied in numerous human diseases, especially auto-immune disorders and cancers; however, targeting and regulating ncRNA with natural products to cure cancer has not been fully established. Recently many groups reported the relationship between ncRNA and natural products showing promising effects to serve as additional therapeutic approaches to cure cancers. This mini-review summarizes the aspects of lncRNAs related to cancer biology focusing on colorectal cancers that natural products can target.
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1 INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and the fourth most cause of cancer deaths globally (Siddiqui et al., 2019; Hassen et al., 2022). CRC onset has a higher tendency in developed countries than in developing countries (Hassen et al., 2022). Several etiological factors may affect the development of CRC, such as environmental, genetic, and epigenetic factorss (Anupriya et al., 2022). Usually, CRC is developed gradually over 1–2 decades (Siddiqui et al., 2019). The most common initiation of CRC is from adenomatous polyps of colorectal glandular epithelial cells. Malignant CRC begins when adenomatous polyps have mutations in the Adenomatous polyposis coli gene, tumor suppressor genes, and/or oncogenes (El Zoghbi and Cummings, 2016). The mortality of CRC increases significantly after metastasis and invasion initiation to other organs and tissues (Dowli et al., 2023). So, elucidating molecular mechanisms of the development and progression of CRC and searching for new markers and therapeutic strategies are essential in both basic and clinical sciences (Yu et al., 2022; Zheng et al., 2022). Recent findings revealed that epigenetic alterations are more frequent than genetic alterations in CRC (Okugawa et al., 2015). Currently, many groups focus on epigenetic studies on CRC to discover new biomarkers for diagnosis and develop new therapies (Ullah et al., 2022). The application of natural products such as phytochemicals with anticancer effects can be considered as one of the approaches to target lncRNAs to treat CRC, which may increase the sensitivity of CRC cells additionally to the prevailing therapies. This review investigates the effect of various phytochemicals on lncRNAs of CRC and evaluates their capacity to treat or prevent CRC.
2 LNCRNAS
Non-protein coding RNAs with transcripts 200 bp or longer are called lncRNA (Costa et al., 2022; Pagani et al., 2022; Razlansari et al., 2022), which were believed to be byproducts of RNA polymerase II transcription without specific biological actions (Goodrich and Kugel, 2006; Wagner et al., 2013; Nojima and Proudfoot, 2022). Currently, lncRNA does not have a standardized classification. However, lncRNAs are classified by their location, such as cytoplasmic, nuclear, and cytoplasmic nuclear lncRNAs (Kerachian and Azghandi, 2022) and they have different regulatory functions where they are located (Ghafouri-Fard et al., 2022). Mainly, cytoplasmic lncRNAs act as competing endogenous RNAs (ceRNAs) against miRNAs regulating the release of target mRNAs of miRNAs. In the tumor microenvironment, lncRNAs are aberrantly expressed, breaking the balance of miRNA and target mRNA resulting in the promotion of malignant tumor progression via abnormal expression of tumor-promoting or tumor-suppressing genes.
The other way to classify lncRNAs is by the protein-coding gene relative location. First, the righteous lncRNAs overlap with exon regions. The antisense lncRNAs start with the reverse transcription process of exons. The bidirectional lncRNA begins closely with the neighboring protein-coding genes on the antisense strands. The basal lncRNA is from intron regions, and the intergenic lncRNA resides between different genes on the chromosome (Wang et al., 2021).
LncRNAs can be categorized by their molecular functions, guide, decoy, and backbone molecules. LncRNA is bound to DNA or proteins; decoy molecules inhibit the transcription of downstream genes while guide molecules enhance the transcription. Backbone molecules are scaffold molecules for protein complexes to form nucleic acid-protein complexes involved in epigenetic functions (Han et al., 2022; Nadhan et al., 2022).
The regulatory roles of lncRNAs involve major life events and biological processes like stem cell differentiation, gene expression, development, cell proliferation, and metastasis, so they are closely correlated to the onset and development of cancer and other diseases (Figure 1) (He et al., 2022; Liu et al., 2022; Wang et al., 2022). In recent findings, the detection of lncRNAs is available from patients’ blood to use lncRNAs as biomarkers over tissue lncRNAs. Circulating lncRNAs can be used as potential biomarkers to diagnose several cancers, including CRCs (Badowski et al., 2022).
[image: Figure 1]FIGURE 1 | Roles of lncRNAs and natural products in cancers. (A) lncRNAs change the level of miRNAs which leads to apoptosis. miRNA inhibition can also lead to buffing the effect of miRNAs. LncRNAs lead to the EMT process by interacting with EZH2 and enhancing H3K27me3 levels. LncRNAs control the transcriptional and translational levels by controlling DNA and mRNA directly and are involved in chromatin modification. LncRNAs bind to DNMT and suppress DNA methylation. (B). Natural products have several biological effects on lncRNAs directly and indirectly. Natural products can directly bind to lncRNAs to enhance or inactivate lncRNAs. Natural products can also control miRNAs and cancer signals that lead to activating or inactivating lncRNAs related to cancers.
3 LNCRNAS AND COLORECTAL CANCERS
3.1 Functions of lncRNA in CRCs
In CRC, lncRNA is involved in RNA degradation, splicing, transcription, and translation (Xie et al., 2016). LncRNAs have essential roles in the carcinogenesis of CRCs, such as serving as oncogenes or tumor suppressor genes and interacting with DNAs, RNAs, and proteins (Ragusa et al., 2015). Furthermore, numerous studies revealed that lncRNAs function as endogenous miRNAs to contribute to the competitive endogenous RNA network of tumor regulation (Hashemi et al., 2022; Shen et al., 2022). Control of gene expression in developmental processes and cell differentiation has also been known as a role of lncRNAs (Cao, 2014). Indeed, lncRNAs work as gene expression regulators at epigenetic, transcriptional, and post-transcriptional levels (Xie et al., 2016). Recently, it has been revealed that lncRNAs are involved in the chemoresistance of CRCs through multiple mechanisms, including acting as structural RNAs in scaffolding ribonuclear protein complexes, interacting with other miRNAs, epigenetic modification, and regulating several gene expressions in essential cellular processes such as cell proliferation, differentiation, apoptosis, invasion, and metastasis (Lizarbe et al., 2017). Another interesting point of lncRNAs is acting as competing endogenous RNAs (ceRNAs), inhibiting targets of miRNAs. This leads to regulating miRNAs involved in CRC malignancies, such as migration, invasion, and proliferation (Li et al., 2017).
LncRNAs are commonly found in the serum or plasma of peripheral blood (Xie et al., 2016). Some blood lncRNAs are increased, working as oncogenes in tumor status. Meanwhile, others have tumor suppressor roles (Smolle et al., 2014). Some lncRNAs found in CRC cells and tissues have an increased tendency to correlate with poor prognosis and malignancy in CRC patients (Kam et al., 2014). In recent years, advanced bioinformatics, including microarray and next-generation sequencing, revealed many different lncRNAs are involved in CRC progression (Wang et al., 2015; Arun et al., 2018; Siddiqui et al., 2019). CRC shows the progression similarly to other solid tumors. In stage 0, carcinoma in situ, no local lymph node metastasis, and no distant metastasis are observed. In stage I, the tumor invades the submucosa or muscle layer, without local lymph node metastasis or distant metastasis. In stage II, the tumor invades the serosa layer or the large intestine and surrounding tissues through the muscular layer, without peritoneal coverage, local lymph node metastasis or distant metastasis. In stage III, the tumor directly invades other organs, with local lymph node metastasis and no distant metastasis. In stage IV, the tumor directly invades other organs, with local lymph node metastasis and distant metastasis (Fabian et al., 2023). We discuss some of the CRC-related lncRNAs, which can be good candidates to develop new approaches to target CRC, especially using natural products.
3.2 LncRNAs related to CRC
More than 80 different lncRNAs have been reported to be directly or indirectly associated with colorectal cancer. The functions and mechanisms are still studied actively to utilize them as prognostic markers or therapeutic targets. Among them, we discuss ten representative lncRNAs, which have been actively studied with obvious evidence affecting both positively and negatively in CRCs in different aspects (Table 1).
TABLE 1 | lncRNAs associated with colorectal cancers.
[image: Table 1]3.2.1 Cancer susceptibility candidate 11 (CASC11)
CASC11 is located on chromosome 8q24. CASC11 lncRNA has been reported to be increased in CRC cells and tissues. Furthermore, the tumor size correlates with the expression level of CASC11 (Zhang et al., 2016). When CASC11 is inhibited in CRC, proliferation and metastasis are suppressed in tumor cells by interacting with heterogeneous ribonucleoprotein. This leads to the protection of β-catenin degradation and increases the transcription activity (Shen et al., 2017). CASC11 has been reported to suppress Wnt signaling in colorectal cancer (Javed et al., 2020).
3.2.2 Colon cancer-associated transcript 1 (CCAT1)
CCAT1 has been recently identified as a lncRNA correlated with colorectal adenomas and adenocarcinomas at any stage (Ye et al., 2015). CCAT1 is a good target for real-time in vivo imaging techniques (Kam et al., 2014). CCAT1 has an oncogenic role in activating Myc, the target of miR-155, and promotes cell proliferation and invasion through direct interaction with the promoter region (Wang et al., 2015). A study reported that CCAT1 is increased in gallbladder cancer tissues, and this is through knocking-down miRNA that is related to tumor cell invasion and proliferation (Ma et al., 2015).
3.2.3 CCAT2
CCAT2 interacts with TCF7L2 and leads to the enhanced expression of Myc. Then, Myc regulates miR-17p and miR-20a functions. The output of this process is genomic instability and the promotion of cancer malignancy (Wu et al., 2016). Since CCAT2 has shown the modification of clinical outcomes, CCAT2 is considered an excellent target for lncRNA therapies and a diagnostic marker of CRC (Catana et al., 2017). Moreover, CCAT2 is critical in the loop formation between genomic DNA locus rs6983267 and Myc promoter, which turns on the oncogenic activity of Myc (Xu et al., 2014).
3.2.4 Colorectal neoplasia differentially expressed (CRNDE)
CRNDE is differently upregulated in CRC tissues in 90%. Insulin and IGFs induce the Warburg effect in cancer cells by metabolic changes that regulate CRNDE (Ye et al., 2015). In a recent finding, CRNDE-h (transcript variant one of CRNDE) was highly upregulated in CRC tissues. The overexpression levels were positively correlated with the degree of malignancy, such as tumor size, lymph node metastasis, distant metastasis, and survival rate (Liu et al., 2016; Ding et al., 2017). The knockdown study of CRNDE showed the apoptosis of CRC cells in vitro and in vivo (Ding et al., 2017). Furthermore, the knockdown of CRNDE with miR-181a-5p showed the inhibition of cell proliferation and the reduction of chemoresistance via the downregulation of Wnt/β-catenin signaling (Han et al., 2017).
3.2.5 Growth arrest-specific transcript 5 (GAS5)
GAS5 is a lncRNA with tumor suppressor function. GAS5 interacts with the intracellular glucocorticoid receptor and regulates cellular metabolism and survival (Kino et al., 2010). Recent findings revealed that GAS5 is suppressed in several different cancers, and the downregulation of GAS5 was accompanied by the advanced TNM stage and large tumor size in CRC (Saus et al., 2016).
3.2.6 H19
H19 is a lncRNA enhanced in the early stages of embryogenesis and suppressed after birth (Ariel et al., 1998). H19 was first identified from the transcript of a gene cluster, H19/insulin-like growth factor 2 (IGF2), more from the maternal allele than the paternal (Chen et al., 2017). H19 regulates several cancer-associated proteins, including ubiquitin E3 ligase family, a retinoblastoma tumor suppressor, and calneuron 1 (Schwarzenbach, 2016). Furthermore, the methylated region of H19 and the upstream of IGF2 exon three were hypomethylated (Cui et al., 2002). The upregulation of H19 is correlated with the high TNM stage and poor prognosis (Chen et al., 2017).
3.2.7 HOX transcript antisense intergenic RNA (HOTAIR)
HOTAIR binds with polycomb repressive complex 2 (PRC2) in trans and changes cellular gene expression and epigenetics (Dou et al., 2016; Xie et al., 2016). HOTAIR is upregulated in epithelial cancer cells, inducing histone methylation and cancer cell invasion (Svoboda et al., 2014). Furthermore, HOTAIR upregulation is closely related to the proteins associated with the malignancy of CRCs, such as angiogenesis, invasion, metastasis, and high tumor stage, i.e., E-cadherin, vimentin, and matrix metalloproteinase (Luo et al., 2017). The correlation of HOTAIR with cancer malignancy and poor prognosis is related to CRC and several cancers like pancreatic cancer, epithelial ovarian cancer, mammary cancer, and hepatocellular carcinoma (Deng et al., 2017). A study showed the correlation between HOTAIR and poor prognosis using CRC blood, and tissue samples suggested this lncRNA as a prognostic marker for sporadic CRC (Svoboda et al., 2014).
3.2.8 Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)
MALAT1 regulates alternative splicing through pre-mRNA binding to localize transcriptionally active genes in chromatin with serine/arginine splicing factor (Schmitt and Chang, 2016). MALAT1 activates AKAP-9, which leads to the malignancy of several cancers, such as melanoma, breast cancer, thyroid cancer, oral cancer, lung cancer, and colorectal cancer, through enhanced cell proliferation, migration, invasion, and metastasis (Yang et al., 2015). In CRC cells, MALAT1 promotes SPRK1 expression and SRSF1 phosphorylation, which leads to the upregulation of AKAP-9 expression (Hu et al., 2016).
3.2.9 Prostate cancer-associated ncRNA transcript 1 (PCAT-1)
As the terminology, PCAT-1 was first identified in prostate cancer, but this lncRNA has also been reported to be related to CRCs’ metastasis (Zhao et al., 2016). PCAT-1 promotes the expression of PRC2, which induces cell proliferation in cancer cells in vitro (Smolle et al., 2014). Additionally, PCAT-1 is involved in non-small cell lung cancer to upregulate cancer cell proliferation, invasion, and migration (Zhao et al., 2015). In CRC, PCAT-1 expression is highly correlated with distant metastasis, patient survival, and prognosis (Ge et al., 2013). In a recent study, PCAT upregulation in CRC enhanced c-myc signaling. At the same time, CRC deficiency decreased proliferation and blockage of the cell cycle via the suppression of c-myc and cyclins (Qiao et al., 2017).
3.2.10 Urothelial carcinoma-associated 1 (UCA1)
UCA1 is a lncRNA with the character of oncofetal genes that are involved in embryonic development (Han et al., 2014). However, bladder cancer is where UCA1 is highly expressed; UCA1 has been reported to be upregulated in CRC cells to inhibit apoptosis and develop tumorigenesis (Bian et al., 2016). UCA1 has a critical role in cancer biologies, such as cell transformation, proliferation, invasion, mortality, and chemoresistance (Wang et al., 2008). Furthermore, the UCA1 expression level is correlated with the tumor size. Meanwhile, CRC tumor size is reduced when UCA1 is deficient (Han et al., 2014).
4 TARGETING LNCRNAS WITH NATURAL PRODUCTS FOR POTENTIAL CRC TREATMENT
Natural products and their derivatives have been widely studied and applied as anticancer agents for several decades (da Rocha et al., 2001). Natural products and their derivatives have various potent biological activities such as anticancer, anti-inflammatory, pro-apoptotic, and antioxidant characteristics, with the potential for chemotherapies and chemo-preventions for several cancers. They show anticancer effects primarily through epigenetic change, regulation of signaling pathways, and miRNA regulation in cancer cells or tissues (Homayoonfal et al., 2021). Below we introduce several practical natural products employed in cancer treatment targeting lncRNAs introduced previously (Table 2).
TABLE 2 | Regulation of lncRNA by natural products in CRC.
[image: Table 2]4.1 Berberine
Berberine is a pentacyclic isoquinoline alkaloid compound isolated from Berberis genus plants. The broad pharmacological application of berberine includes anticancer, antidiabetic, anti-obesity, and cardioprotective effects (Zhong et al., 2022). This compound interacts with specific receptors, ligands, and biological enzymes leading to anti-inflammatory and antioxidant activities (Song et al., 2020). Like other natural products, berberine modulates lncRNAs to inhibit cancer progression. In a recent study, the combination treatment of berberine with gefitinib downregulated HOTAIR function to enhance miR-34a-5p. The upregulation of miR-34a-5pupregulatess E-cadherin, to the arrest of EMT, invasion, and migration by SNAIL-mediated E-cadherin increase in lung cancer cells (Zheng et al., 2020). As the effect of miR-34a-5p is involved in colorectal cancer, berberine can be a supportive candidate to treat colorectal cancer.
4.2 Calycosin
Calycosin (C16H12O5) is an isoflavone phytoestrogen isolated from the dried roots of Radix astragali with several biological effects (Wu et al., 2019). The anticancer effect of calycosin has been vigorously studied in several different cancers, such as breast cancer, liver cancer, colorectal cancer, and osteosarcoma (Deng et al., 2021). In breast cancer, calycosin downregulated phosphorylation of Akt and its downstream lncRNA, HOTAIR. This effect strongly decreased cancer development (Chen et al., 2015). This result was from breast cancer cell line MCF-7 downregulating EGFR and ERK1/2 with suppressed proliferation and enhanced apoptosis. Although MCF-7 is not a colorectal cancer cell line, the onset of colorectal cancer shares the effect of the EGFR signaling pathway, and calycosin can be an excellent synergetic candidate for current therapies.
4.3 Curcumin
The chemical formulation of curcumin (diferuloylmethane) is C21H20O6. This is a polyphenol compound with bright yellow color isolated from Curcuma longa (the rhizome of turmeric) (Ashrafizadeh et al., 2020). This compound has been utilized as a traditional herbal medicine in Eastern society for a long time. The unique structure of curcumin enables suppression of ROS generation and several different pharmacological properties such as anticancer, neuroprotective, cardioprotective, hepatoprotective, anti-analgesic, and anti-inflammatory effects. Since it has been reported that curcumin targets lncRNAs, many groups have focused on this compound and are being actively studied (Grynkiewicz and Slifirski, 2012). In a recent study, As mentioned previously, the curcumin-pretreated cancer cells showed the activation of GAS5 promotors, while GAS5 is downregulated in CRC (Zheng et al., 2021). Further studies regarding the effect of curcumin targeting GAS5 have not been studied rigorously, but this can be an extraordinary therapeutic approach when more preclinical and clinical studies are fulfilled.
4.4 3,3′-diinodolymethane (DIM)
DIM (C17H14N2) is a phytochemical in several cruciferous vegetables like cabbage, broccoli, lettuce, and kale (Licznerska and Baer-Dubowska, 2016). DIM modulates various signaling pathways to induce proliferation, cell survival, apoptosis, and angiogenesis (Zhang et al., 2014). DIM, directly and indirectly, downregulates Akt/FOXM1 signaling pathway and suppresses cancer progression and metastasis (Cai et al., 2015). The downregulation of Akt/FOXM1 leads to the decreased expression of lncRNAs, such as HOTAIR and CCAT1-L, that are highly involved in colorectal cancers, and cancer malignancy has been regulated through this pathway (Zinovieva et al., 2017). More vigorous studies about DIM are required to develop CRCs, but this is a very hopeful candidate for future therapeutics.
4.5 Gambogic acid (GA)
GA is a brownish resin and the most potent compound of gambose, isolated from Garcinia hanburyi (Che Hassan et al., 2018). GA has been used as a traditional medicine with various biological activities such as anticancer, anti-inflammatory, and antiviral effects with extremely minimal toxicity (Lee et al., 2015; Gao et al., 2021; Xu et al., 2022). When cancer cells are treated with GA, GAS5 expression is increased, which leads to the downregulation of EZH2 by binding E2F4. The downregulation of EZH2 enhances miR-101. miR-101 has a pro-apoptotic property that consequently suppresses cancer cell invasion and progression in preclinical stages.
4.6 Genistein
Genistein (C15H10O5) is a phytoestrogen-originated isoflavone derived from soy. Phytoestrogens are non-steroidal herbal components with structures like estrogen functioning estrogen-like or anti-estrogenically (Ravishankar et al., 2013). The biological activities of genistein include tyrosine kinase inhibition, anticancer, and antioxidants. The anticancer function of genistein affects various cellular processes such as angiogenesis, apoptosis, and cell cycle (Meeran et al., 2010). One of the targets of genistein to have an anticancer effect is epigenetic changes affecting cancer-associated genes, including lncRNAs (Imai-Sumida et al., 2020). Genistein downregulates EED levels in PRC2, followed by the inhibition of the interaction between HOTAIR and PRC2. The suppression of HOTAIR/PRC2 recruitment to the promoter region of ZO-1 leads to the increased transcription of ZO-1. The other effect of genistein is the inhibition of SNAIL transcription by suppressing the interaction between HOTAIR and SMARCB1. The reduced HOTAIR interaction with chromatin remodeling factors leads to the repression of HOTAIR/chromatin remodeling pathways, followed by the downregulation of cancer malignancy (Imai-Sumida et al., 2020).
4.7 Ginsenoside
Ginsenoside is one of the steroid glycoside fractions, triterpene saponin from ginseng roots (Nakhjavani et al., 2019). Ginsenoside is not a single compound, but more than ten molecules have been identified. According to the number of hydroxyl groups in its chemical structure, ginsenoside is subcategorized into two major classes. The first group is protopanaxatriol (PPT), with six positions occupied by hydroxyl groups, and the next group is protopanaxadiol (PPD), with six positions not occupied by hydroxyl groups. The members of PPT are Re, G1, Rg2, and Rh1 and of PPD are Rb1, Rb2, Rb3, Rc, Rd, Rg3, and Rh2. Ginsenoside molecules have various biological activities showing slight differences between each molecule (Xue et al., 2021). It has been studied that CCAT1 is highly expressed in several CRCs affecting cell proliferation, invasion, and migration (Abedini et al., 2019). Especially CCAT1 suppression by ginsenoside-Rg3 reduced the signaling of the PI3K/Akt pathway, followed by suppression of CRC development (Li and Qi, 2019). In addition, ginsenoside Rg3 suppressed cancer development by suppressing HOTAIR in hepatoma (Pu et al., 2021).
4.8 Quercetin
Quercetin (3,5,7,30,40-pentahydroxyflavone) is a natural flavanol ubiquitously found in fruits and vegetables, which can be found as one of the easiest in the western diet (Hertog and Hollman, 1996; Boots et al., 2008). Various biological activities of quercetin include anticancer, antidiabetic, anti-inflammatory, and antioxidant effects (Carullo et al., 2017). Arresting cell cycle, anti-proliferation, and apoptosis functions are remarkable anticancer effects of quercetin. Furthermore, it has been reported that various lncRNAs are affected by quercetin in cancer cells and tissues (Reyes-Farias and Carrasco-Pozo, 2019). A study reported quercetin could alter the expression of 240 lncRNAs along with 1,415 mRNAs, 83 miRNAs, and 131 circRNAs through the analysis of HCT-116 colorectal cancer cell line with MTS assay and flow cytometry (Zhang et al., 2019). Additionally, quercetin suppresses the expression of MALAT1 and MIAT, followed by decreased cell survival (Esteghlal et al., 2021). So, in experimental studies, quercetin may be applied to CRCs to inactivate PI3K/Akt signaling pathway by reducing the expression of lncRNAs, MALAT1, and MIAT.
4.9 Resveratrol
Resveratrol (C14H12O3, trans-3,5,4′-trihydroxystilbene) is a natural polyphenolic phytoalexin isolated from various foods, including red wine, berries, grapes, nuts, and else (Bishayee, 2009). Resveratrol shows anticancer effects targeting multiple signaling molecules leading to the suppression of cancer cell viability and growth with minimal toxicity (Cimino et al., 2012). Resveratrol increases tumor suppressive lncRNAs such as GAS5, HULC, UCA1, and PVT1 in several cancers (Vallino et al., 2020). Furthermore, resveratrol decreased MALAT1 expression, followed by the Wnt/β-catenin signaling pathway reducing tumor progression in CRC, showing a reduced transformation, invasion, and metastasis, and further studies may lead to the development of a new therapeutic candidate (Ji et al., 2013).
5 CONCLUSION AND FUTURE PERSPECTIVES
Discovery and studying novel therapeutic reagents are extremely difficult and time-consuming. Many methodologies and strategies have been applied in cancer biology for a long time, which will continue forever as long as humans exist on earth. These difficulties are from various cancer types, locations, oncogenic mechanisms, and others. People have already developed various effective chemo-reagents to treat and prevent cancers, but most are partially effective. Furthermore, the mediocre effect and inappropriate potential of chemotherapies could be the reason for cancer recurrence. The paradigm shift from sole chemotherapy to chemoprevention with chemotherapy was first elected in breast cancer. Further desperate trials of chemoprevention and chemotherapies have been made to understand detailed signaling molecules and pathways as the target of effective natural products.
LncRNAs are one of the non-protein coding RNA classes that affect several cancer-related cellular processes such as proliferation, differentiation, and apoptosis. After many lncRNAs have been known as tumor suppressive or oncogenic, many groups started focusing on small molecules such as phytochemicals and natural compounds to treat cancer targeting those lncRNAs. We discussed several lncRNAs related to CRC and possible natural products to regulate those lncRNAs. The biggest hurdles to applying these natural compounds for chemotherapy are experiments’ challenging time and effort to confirm their activity and clinical challenges. Neither laboratory experiment nor clinical exam is enough to develop a new chemotherapeutic natural compound. Proper animal experiments should follow up for in vivo analysis to prove and support the preliminary in vitro data for establishment. Many of the lncRNAs and natural products discussed in this review have not been clearly studied in CRC; however, considering the many sharing mechanisms of CRC with other cancers, the lncRNAs and natural products have a high chance of being one of the critical factors in onset and progression in CRCs.
Additionally, low bioactivity, short availability, poor solubility, and a delivery method must be considered not to restrict the efficacy of natural products in clinical studies and in vivo experiments. Successful collaborative studies by nanotechnologists, chemists, biologists, and physicians will promise to overcome the hurdles to developing natural products for applicable chemotherapeutics. Another recommended method to optimize the stated approaches is electing the combination method. Various mixture therapies have been studied and tried in current cancer biology to treat cancer, and the combination of various natural products or with other anticancer agents as well as adjuvants with proved to have low toxicity. Since most of the studies were carried out experimentally and they show discrepancies in results by groups, it is important to study more about lncRNAs and natural products to standardize as a diagnostic marker and therapeutic purpose.
The concept of transitioning chemotherapy to chemoprevention has been first suggested in treating breast cancer to prevent recurrent cancers. Afterward, several studies have been made for a while to detect proper signaling molecules as a target of functional natural compounds. More detailed biochemical studies should be conducted to reveal the correct mechanisms to prevent unwanted actions of natural products in the future.
Natural products are highly available, inexpensive, and low toxic, with minimal side effects. These phytochemicals can be regarded as an innovative and promising field for developing new therapeutic strategies to overcome colorectal cancer and other cancers with minimal recurrence after treatment.
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No treatment miR-7 Upregulated in CRPC dlinical samples Xie and Jiang, (2015)

miR-24 FAF1 Apoptosis in DU145 cells Qin et al. (2010)

“Genistein” miR-1260b SMAD4 Apoptosis in PC3 cells Hirata et al. (2014)

No treatment miR-20 Overexpressed in aggressive prostate cancer Pesta et al. (2010)
Potential diagnostic marker Damodaran et al. (2021)
Predictor for biochemical recurrence Stoen et al. (2021)

No treatment miR- 20 cx43 PCa-2b cell proliferation, tumor growth Li. et al. (2012)

No treatment AR/miR-20a/miR-17 ATG7 Autophagy Guo et al. (2016)

No treatment miR-17-92 Upregulated in clinical samples Taylor et al. (2010)

Resveratrol miR-17-92 PTEN Reduced cell proliferation and xenograft tumor growth Dhar et al. (2015b)

Pterostilbene

Resveratrol miR-106a~363 PTEN Reduced cell proliferation and xenograft tumor growth Dhar et al. (2015b)

Pterostilbene

Resveratrol miR-106b~25 PTEN Reduced cell proliferation and xenograft tumor growth Dhar et al. (2015b)

Pterostilbene

Resveratrol Akt/miR-21 PDCD4 Cancer growth and metastasis Sheth et al. (2012)

Grape extract-Diet

Pterostilbene-Diet

No treatment

“"These miRNAs, are putative stilbene-regulated onco-mi

MTAl/c-miR-34a
MTAl/c-miR-22
MTA1/c-miR-34a
MTA1/c-miR-22
MTA1/miR-22

53
p21

E-cadherin

s previously identified by Dhar et al. (2011

Reduced PIN in Pten"’; Cre" mice

Reduced hgPIN in R26"™'; Pten*”; Cre* mice

Invasion in RWPE1 & LNCaP cells

ulating miR detected in serum.

Joshi et al. (2020)

Hemani et al. (2022)

Dhar et al. (2017)
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Target Events
No miR-654-5p AR PSA, LNCaP cell proliferation Ostling et al. (2011)
treatment
No miR-149. AR CRCP 22-Rv1 cells Zhao et al. (2021)
Heeatment PI3K/Akt1
No miR-149-5p  RGS17 Viability, proliferation, migration of 22Rv1 and C4-2 cells , high in prostate cancer tissues  Ma et al. (2021)
treatment
No miR-1231  EGFR Cell proliferation, migration, invasion in DU145, 22Rv1, PC3, and VCaP, high in prostate  Wang Y etal. (2020)
treatment cancer tissues
No miR-939-3p  BCYRNI/HDACI1  Cell proliferation, Huo et al. (2020)
treatment . "

Decreased in prostate cancer tissues vs. normal

No miR-1908  SRM 22Rv1 cells, high in prostate cancer tissues Urabe et al. (2020)
treatment
No miR- Upregulation was linked to recurrence-free survival Ali et al. (2021)
treatment 1915-3p

Independent prognostic marker

“These miRNAs are putative stilbene-regulated oncosuppressor miRs previously identified by Dhar et al., 2011,
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Tan ITA Doxorubicin
Doxorubicin
Doxorubicin
Gefitinib
Taxol

CPT Doxorubicin and
irinotecan

DHT Doxorubicin and
irinotecan

DHT 1 Caclitaxel

LuT Cisplatin (DDP)

Mechanism

sensitivity of drug-resistant tumors

Regulate AKUVERK pathway, decrease
the levels of Bel-2, p-Akt and p-ERK,
and increase the levels of Bax and
active caspase 3

Inhibit B-catenin nuclear
translocation, decrease the expressions
of ¢-Myc, E-cadherin, MMP-2 and
MMP-9

Downregulate MRPlexpression, arrest
cell cycle at G2/M phase, down-
regulate BCL2 and up-regulate BAX
and ps3
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AML cells (HL-60 and THP-1) miR-497-5p]  AKT3| Nie et al. (2020)
Glioma cells miR-165p]  TLN1| You et al. (2020)
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Huh7, MHCCO7H

MHCCO7H,
HCCLM3
Huh7, MHCCO7H

HepG2, Huh?

MDA-MB-231,
MCF7, BT549

MDA-MB-231,
MCF7; SKBR3
MDA-MB-453

MDA-MB-231,
MCF7

MDA-MB-231 4T1

ALKBHST

ALKBHST

FTOT

YTHDC1T

YTHDC1T

METTL3T
METTL3T

METTL3T

METTL3T

METTL3]

METTL3]

METTL3{

METTL3]

METTL3]
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YTHDC2|

METTL3|

YTHDF1,31

METTL3T

WTAPT

VIRMAT

METTL14]
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ALKBHS |

FTOT

YTHDF1T

IGF2BP2T

METTL3[

METTL14]
2C3H13]
FTOT

YTHDF1T

YTHDF3T

Eraser

Eraser

Eraser

Reader

Reader

Writer

Writer

Writer

Writer

Writer

Writer

Writer

Writer

Writer

Reader

Reader

Writer

Reader

Writer

Writer

Writer

Writer

Writer

Eraser

Eraser

Reader

Reader

Writer

Writer

Eraser

Reader

Reader

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Suppressor

Suppressor

Suppressor

Oncogene

Oncogene

Oncogene
Oncogene

Suppressor
Suppressor

Suppressor

Oncogene

Oncogene

Oncogene

Oncogene

Suppressor

Oncogene

Oncogene

Oncogene

TACC3T

AXLT, p-SRCT, p-AKTT,
p-ERK1/2], p-STATS]

ASB|, RARA|

MCM4t

MycT, Phase seperation

o-Myct, BOL2T

EGFRT, TAZI, YAPT,
MAPKAPK2T, DNMT3AT
JUNBT, E-Cadherin],
FN1T, VIMT

LCAT31-FUBP11-MYCT

DAPK2{, NFKBT

miR-12461, PEG3(;
miR-143-3p1, VASH1 |,
dY-Tub
miR-1915-3p], SETT,
JINKAJN & NF-<BT
SLCTAIT

LncRNA ABH11-AS11,
EZH2-KLF4, Warburg
effect]

SLC7A11T

HOXA13, SLC3A2]

Bax|, cleaved caspase
3], FBXW7], c-Myc,
Mc-17

YAPT, ABCG2T,
ERCC1T, CTGFT,
Cyr611

SOCS2], JAK/STATT

ETS1], ETS1-p21/p27|
GATA3]

USP48], SIRT6,
aerobic glycolysisT

miR-126]

LYPD1T

SOX21, KLF4T1,
NANOGT
PIBK-AKT-mTORT

FEN1T

BCL2[; SOX21; KRT7T;
MALAT11, HMGA2T;
PD-L1T

APC], Wnt signaling!

BNIP3|; miR-181-3P-
ARLSBI

FOXM1T

STEGALNACST, GJA1T,
EGFRT, VEGFRAT

R S B SIS R P ey
Maintenance of AML and self-renewal
of LSCs/LICs

Affects MRNA stabilty of AXL;
Maintenance of AML and self-renewal
of LSCS/LICs

Enhances cell transformation,
leukemogenesis, and inhibits
differentiation

Maintenance of AML and self-renewal
of LSCs, YTHDC1 upreguiates MCM4
expression and promotes AML
Promotes liquid-liquid phase
separation, maintains AML cell survival
and the undifferentiated state

Promotes cell growth, invasion and
migration

Promotes cell growth, survival, invasion
and migration

Promotes EMT by up-regulating JUNB
expression, which upregulates EMT-
related protein expression

Enhances LCAT3 IncRNA stabilization
Promotes cell proliferation, migration
and invasion

Inhibiting DAPK2 expression and
activating NF-xB pathway

Promotes cell growth, EMT, invasion,
migration and angiogenesis

Promotes cell growth, EMT, sunvival,
invasion, and migration

Enhances the stability of SLC7A11
'mRNA which promotes cell proliferation
and inhibits ferroptosis

Enhance the Warburg effect and
promote tumor progression

Downregulation of YTHDC2 expression
leads to enhanced SLC7AT1 mRNA
stabilty and promotes tumorigenesis
Downregulation of YTHDCZ expression
leads to enhanced HOXA13 mANA
stabilty and promotes tumorigenesis
Downregulation of METTL3 decreased
apoptotic molecules and increased
FBXW7 expression and its target genes
Mcl-1 and c-Myc, and promotes
tumorigenesis

Promotes cell growth, EMT, invasion,
migration and anti-apoptosis

Promotes cell growth, migration,
metastasis, tumorgenicity

Promotes cell growth, tumorgenicity
Enhances tumor growth and
metastasis

Down-regulation of METTL4 in HCC
promotes aerobic glycolysis, cell
prolfferation, tumorigenesis
Downregulated METTL14 affects miR-
126 processing and promotes tumor
cell metastasis

Downregulated ALKBHS enhances
LYPD1 mRNA stability and translation,
which promotes cell growth, invasion
Promotes cell growth, metastasis,
stemness

Promotes cell proiferation, EMT,
migration, invasion, and cell cycle
process

Enhances FEN1 mRNA stabiity and
promotes cell proliferation

Promotes cell proiferation, EMT,
metastasis, stemness; Anti-apoptosis,
inhibits tumor immunity

Promotes cell prolferation, EMT,
migration, invasion, metastasis
Promotes cell prolferation, EMT,
migration, invasion, metastasis

Enhances FOXMT transiation,
Promotes cell prolfferation, invasion,
metastasis

Promotes brain metastasis, invasion,
B T

Shen et al. (2020)

Wang et al. (2020b)

Lietal (2017)

Sheng et al. (2021)

Cheng et al. (2021)

Wu et al. (2021a);
Zhang et al. (20212)
Lin et al. (2016); Jin
etal. (2019)
Wanna-Udom et al.
(2020)

Qian et al. (2021a)

Jin et al. (2019)

Huang etal. (2021a);
Wang et al. (2020b)

Pan et al. (2021)

Xu et al. (2022)

Xue et al. (2021)

Ma et al. (2021a)

Ma et al. (2021b)

Wu et al. (2021b)

Jin et al. (2019)

Chen et al. (2018)

Chen et al. (20192)
Lan et al. (2019)

Du et al. (2021)

Ma et al. (2017)

Chen et al. (20208)

Bian et al. (2021)

Luo et al. (2021)

Pu etal. (2020)

Wang et al.
(20209) etc.

Gong et al. (2020)

Niu et al. (2019); Xu
et al. (2020)

Chen et al. (2022)

Chang et al. (2020)
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Natural compount

Target IncRNA

Effect

LEEEE

Berberine HOTAIR 1 Inhibition of EMT Song et al. (2020); Zhong et al. (2022)
Calycosin HOTAIR 1| Induction of apoptosis Wa et al. (2019); Deng et al. (2021)
Curcumin HI9 1| Inhibition of EMT, transcriptional regulation Ashrafizadeh et al. (2020)

GAS3 1 Transcriptional regulation Grynkiewicz and Slifirski, (2012)

HOTAIR 1| Inhibition of migration Ashrafizadeh et al. (2020)
DIM HOTAIR A Inhibition of autophagy Zhang et al. (2014)
Gambogic acid GAS5 T Transcriptional regulation Lee et al. (2015); Che Hassan et al. (2018); Gao et al. (2021)
Genistein HOTAIR | Transeriptional regulation, chromatin remodeling | Meeran et al. 2010); Ravishankar et al. (2013)
Ginsenoside HOTAIR 1 Inhibition of proliferation and invasion Abedini et al. (2019); Xue et al. (2021)

HI9 1| Inhibition of proliferation and invasion Li and Qi, (2019)
Quercetin MALATI | Transcriptional regulation Reyes-Farias and Carrasco-Pozo (2019); Zhang et al. (2019)
Resveratrol HOTAIR || Transcriptional regulation, chromatin remodeling | Cimino et al. (2012)

MALATI 1| Induction of apoptosis Vallino et al. (2020)

GAS3 1| Inhibition of proliferation and invasion Cimino et al. (2012)

UCAl | Transcriptional regulation Cimino et al. (2012)





OPS/images/fphar-13-1050032/fphar-13-1050032-t001.jpg
IncRNA

CASCIL

CCAT1

CCAT2

CRNDE

GAS5

HI9

HOTAIR

MALATI

PCAT-1

UCAL

Characters

Metastasis, proliferation

Cancer development, invasion, metastasis,
carcinogenesis
Pathogenesis

Prognostic marker

Prognostic marker

Prognostic marker

Carcinogenesis, prognostic marker

Metastasis, proliferation

Prognostic marker, proliferation

Carcinogenesis; chemoresistance; prognostic
marker

Mechanisms in CRC

-Myc binding to the promoter region of CAS11 to
increase histone of promoter; Interaction with
haRNP-K to activate WNT/B-catenin

Superenhancer cMyc transcribes CCAT1
Regulation of miR-17-5p, miR-20a, MYC;
Modification of WNT signaling

Correlation with IRX5 mRNA expression

GASS is regulated by p53

Regulation of CDK8-p-catenin, essential Rb-E2F
signaling pathway; Recruitment of elF4A3;
Mediating MTX resistance through WNT/p-
catenin signal activation; Modification of EMT;
Functioning as a ceRNA for miR138, miR200a

Association with PRC2 function; Modification
of EMT

Interaction with CC chemokine ligand 5;
Promotion of SFSFI phosphorylation to enhance
AKAP-9

Promotion of PRC2

Inhibition of miR-204-5p; Regulation of glucose
‘metabolism

REEEE

Fabian et al. (2023)

Kam et al. (2014); Ye et al. (2015); Abedini et al.
(2019); Xue et al. (2021)

Ma et al. (2015)

Xu et al. (2014); Liu et al. (2016); Ding et al.
(2017)

Han et al. (2017)

Saus et al. (2016); Schwarzenbach. (2016); Chen
et al. (2017)

Cui etal. (2002); Meeran et al. (2010); Dou et al.
(2016); Luo etal. (2017); Song etal. (2020); Deng.
etal. (2021)

Yang et al. (2015); Schmitt and Chang (2016)

Ge et al. (2013); Zhao et al. (2015); Zhao et al.
(2016)

Han et al. (2014); Bian et al. (2016); Qiao et al.
(2017)
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miRNAs

mja-miR-
35-3p
miR-58
miR-965

miR-34

mja-miR-35

Source

Marsupenaeus
japonicus

Marsupenaeus
japonicus
Marsupenaeus
japonicus
Marsupenaeus
japonicus

Marsupenaeus
japonicus

Related human
cellular processes

Inhibition of cell proliferation, Induction
of cell cycle arrest and apoptosis

Inhibition of cell stemness and
tumorigenic ability

Inhibition of cell stemness and
tumorigenic ability

Inhibition of cell tumorigenesis, tumor
growth, and metastasis

Inhibition of cell tumorigenesis, tumor
growth, and metastasis

Related human
genes

PINI1, CCND1, MCL-1
YB-1

MCL-1, XBP1, ER stress
CCND1, CDK6, MET,

CCNE2, E2F3, FOSLI
M2 macrophage, CHI3L1

Tumor cell

types

Melanoma stem cells,
breast cancer stem cells
Melanoma stem cells
Melanoma stem cells

Breast cancer cells

Breast cancer cells

References

Zhang and Zhang,
(2019)

Yang et al. (2017)
W et al. (2020)
Cui et al, (2017); Cui

etal, (2021)
Chen et al. (2018b)
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Agent name

Eribulin
Maritoclax

Trabectedin
Cytarabine

Spirulina
ASP-3
Fucoidan

SZ-685C

Bostrycin
1386A
Actinomycin X2

1-hydroxy-1
Norresistomycin

Source

Halichondria okadai
Streptomyces

Ecteinascidia turbinata

Cryptotethia crypta

Cyanobacteria
Arca subcrenata
Brown seaweed

Angrove endophytic
fungus

Alternaria eichhorniae
Mangrove fungus
Streptomyces

Streptomyces

Late-stage of
clinical
development

Approved
Approved
Approved

Approved

In vivo
In vivo
In vivo

In vitro

In vitro
In vitro
In vitro

In vitro

Related
ncRNA

types

miRNA
miRNA
miRNA

miRNA; IncRNA

miRNA
IncRNA
miRNA; IncRNA
miRNA

miRNA
miRNA
miRNA
IncRNA

ncRNA roles
in tumor

Suppressor
Suppressor

Oncogene or
suppressor

Oncogene or
suppressor

Suppressor
Oncogene
Suppressor

Oncogene

Suppressor
Suppressor
Oncogene

Suppressor

ncRNA-related tumor
types

Breast cancer
Renal carcinoma

Biliary tract cancer; Myxoid liposarcoma;
Lung cancer

Acute myeloid leukemia; Colon cancer

Glioma
Hepatocellular carcinoma
Hepatocellular carcinoma

Pituitary tumor

Lung cancer
Breast cancer
Prostate cancer

Lung cancer
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Aghents Related
(source) ncRNAs

miRNA-related marine-derived agents

Cytarabine miR-143
(Cryptotethia
erypta)
miR-181a
miR-12462
let-7a
miR-29a, miR-

30c, miR-625-3p

miR-134

miR-181b

miR-24-3p

miR-15a-5p,

miR-21-5p

miR-21

miR-32

miR-126-5p

miR-10a

miR-34a-5p

miR-200

Trabectedin miR-130a, miR-

(Ecteinascidia 192, miR-
turbinata) 125a-5p...

miR-195

IncRNA-related marine-derived agents

Cytarabine DANCR
(Cryptotethia
crypta)
GAS6-AS2
HOTAIRMI1
MALAT1
TUGI

ND. not determined.

ncRNA
expression
regulated
by agents

Down-regulated

Down-regulated

ND

ND

ND

Down-regulated

Down-regulated

Down-regulated

UP-regulated

UP-regulated

UP-regulated

UP-regulated

UP-regulated

UP-regulated

UP-regulated

Up-regulated

ND

Up-regualted

Up-regualted

ND

ND

Up-regualted

ncRNA
roles in
tumor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Suppressor

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Related cellular
processes

Promotion or
‘maintenance of cellular
drug sensitivity

Promotion or
maintenance of cellular
drug sensitivity

Promotion or
‘maintenance of cellular
drug sensitivity

Promotion or
‘maintenance of cellular
drug sensitivity

Promotion or
‘maintenance of cellular
drug sensitivity

Promotion or
‘maintenance of cellular
drug sensitivity

Promotion or
maintenance of cellular
drug sensitivity
Promotion or
maintenance of cellular
drug sensitivity,
inhibition of autophagy

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Promotion or
maintenance of cellular
drug sensitivity

Induction of cellular drug
resistance and autophagy

Induction of cellular drug
resistance

Induction of cellular drug
resistance, glucose
consumption, and lactate
production

Induction of cellular drug
resistance

Induction of cellular drug
resistance

Related genes

ATG7, ATG2B

Bel-2, Caspase 9/3,
Cytochrome C

NHEL

SDF-1a, CXCR4,
YY1, ITGB3,
€¢-MYC, BCL-XL

ND
€IF4E, MNKs,
MCL-1, BCL2

Mcl-1, HMGB1

DCTD

PDCD4, ARL2,
BTG2

PDCD4

Bim

Klotho, Akt
P53

DCK

PTEN, p53

FUS-CHOP fusion
gene

CHEK1

miR-20a-5p,
ATGI6LI

AS6, AXL

Wnt, B-catenin,
PFKP

miR-96C

ND

Tumor
types

Acute
myeloid
leukemia

Acute
myeloid
leukemia
Acute

myeloid
leukemia

Acute
myeloid
leukemia

Acute
myeloid
leukemia
Acute

myeloid
leukemia

Acute
myeloid
leukemia

Acute
myeloid
leukemia

Acute
myeloid
leukemia

Acute
myeloid
leukemia

Acute
myeloid
leukemia
Acute
myeloid
leukemia
Acute
myeloid
leukemia

Acute
myeloid
leukemia

Colon cancer

Myxoid
liposarcoma

Lung cancer

Acute
myeloid
leukemia
Acute
myeloid
leukemia
Acute
myeloid
leukemia

Acute
myeloid
leukemia
Acute

myeloid
leukemia

References

Zhang et al. (20200)

Bai et al. (2012)

Jia et al. (2020)

Chen et al. (2013b)

Russ et al., (2011);

Jiang et al., (2018)

Chen et al. (2018a)

Lueet al. (2014)

Bhise et al. (2019)

Vandewalle et al.
(2021)

Vandewalle et al.
(2021)

Vandewalle et al.
(2021)

Shibayama et al.
(2015)

Vu et al. (2021)
Bhise et al. (2019)
Chen et al. (2014)
Grosso et al., (2007);

Fomni et al., (2009);
Uboldi et al, (2012)

Yu et al. (2018b)

Zhang et al. (2021b)

Bester et al. (2018)

Chen et al. (2020)

Goyal et al. (2021)

Luo et al. (2018)
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Marine-derived
agents (source)

Related
ncRNAs

miRNA-related marine-derived agents

SZ-685C (Angrove

endophytic fungus)

Eribulin
(Halichondria
okadai)

Maritoclax
(Streptomyces)

Trabectedin
(Ecteinascidia
turbinata)

Spirulina
(Cyanobacteria)

Bostrycin
(Alternaria
eichhorniac)

Cytarabine
(Cryptotethia crypta)

Fucoidan (Brown
seaweed)

1386A (Mangrove

fungus)

Actinomycin X2
(Streptomyces)

miR-200¢

miR-195

miR-708

miR-4284,
miR-1207-5,
miR-1225-5p
pri-miR-17-92,
miR-17,
miR-20a

miR-34a, miR-
125b

miR-638,
miR-923

miR-155

miR-29,
miR-143

let-7a, miR-
15/16

miR-21, miR-
27a, miR-633

miR-144

IncRNA-related marine-derived agentsH

Fucoidan (Brown
seaweed)

I-hydroxy-1-
Norresistomycin
(Streptomyces)

ASP-3 (Arca
subcrenata)

ND. not determined.

LINC00261

IncRNA-p21

IncRNA-Saf

LED,
LOC285194

ATG9B

ncRNA
expression
regulated
by agents

Down-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated
Down-regulated

Up-regulated

Up-regualted
Up-regualted
Down-regualted

Up-regualted

Down-regualted

ncRNA
roles in
tumor

Oncogene

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Oncogene

Oncogene

Suppressor

Suppressor

Oncogene

Suppressor

Oncogene

Related cellular
processes

Inhibition of cell
proliferation, induction of
apoptosis

Induction of apoptosis

Induction of apoptosis

Induction of apoptosis,
inhibition of cell migration
and motility

Induction of apoptosis, cell
cyele arrest, cellular stress,
and DNA damage

Inhibition of cell
proliferation

Inhibition of cell
proliferation

Inhibition of cell
proliferation, induction of
cell differentiation and
apoptosis

Inhibition of cell survival,
proliferation, invasive, and
EMT process

ND
ND

Inhibition of cell
proliferation, induction of
apoptosis

Inhibition of cell
proliferation and invasion

Inhibition of cell invasion
and metastasis

Induction of apoptosis

Inhibition of cell
proliferation, invasion, and
‘metastasis, induction of
apoptosis and cell cycle
arrest

Inhibition of invasion and
metastasis

Related
genes

PTEN, p-AKT,
FOXOI,
FOXO3a

Wnt3a, B-
catenin

CFLIP, TRAIL,
CHOP, DR5

SYK, LGALS1

IRF4, IKZF1,
MICA, MICB,
ULBPI,
NKG2D

PI3K, AKT,
mTOR

PT3K,
AKT, p27

eMYC, JUN,
GFI1, JARID2,
MEIS1, TRIB2

DNMT3B,
MTSS1, NF-xB
pathway

ND

ND

PTEN, PI3K,

AKT, mTOR

miR-522-3p,
SERP2
ND

Fas

P33, p21

VEGFR2

Tumor types

Pituitary tumor

Breast cancer

Renal carcinoma

Biliary tract
cancer

Multiple
myeloma

Glioma

Lung cancer

Acute myeloid
leukemia

Hepatocellular
carcinoma

Breast cancer
Breast cancer

Prostate cancer

Hepatocellular
carcinoma

Hepatocellular
carcinoma

Hepatocellular
carcinoma

Lung cancer

Hepatocellular
carcinoma

References

Xie et al., (2010);
Chen et al., (2013a);
Liao et al, (2013)

Green et al,, (2013);
Furuya et al, (2016);
Yu et al, (2018a)

Jeon et al, (2018);
Sun et al., (2019)

Peraldo Neia et al.
(2016)

Cuce et al. (2019)

Arab et al, (2021);
Braune et al., (2021)

Chen et al., (2011);
Chen et al,, (2012a)

Palma et al. (2014)

Yan et al,, (2015);
Zheng et al, (2018);
El-Far et al,, (2021)
Tang et al. (2012)
Tang et al. (2012)

Liu et al. (2016)

Ma et al. (2021)
Yan et al. (2019)
Yan et al, (2005);

Yan et al, (2019)
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(2018)

Guo et al. (2019)
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Cancer circRNAs Expression Function role Related genes References
Basal cell carcinoma ~ Circ_0005795 Up Promote cell viability, colony formation, and suppress cell  miR-1231 and caspase-3  Yating Li et al.
apoptosis (2021)
Circ_NCKAP1 Up Promote cell proliferation, inhibit cell apoptosis miR-148b-5p/HSP90 axis  Fan et al. (2021)
Malignant circRNA_0084043  Up promote melanoma cell proliferation, invasion and miR-153-3p/Snail axis Luan et al. (2018)
melanoma migration
hsa_circ 0025039 Up promote cell proliferation, colony formation ability, miR-198/CDK4 Bian et al. (2018)
invasion and glucose metabolism in melanoma cells
cireMTUS1 Up promote cell proliferation hsa-miR-622/hsa-miR-  Shang et al. (2019)
1208
Circular RNA Up downregulate GLUTI and suppresses glucose uptake in ~ GLUT1 Lin et al. (2021)
ITCH melanoma to inhibit cancer cell proliferation
cireMyC Up promote the proliferation of human melanoma cells and ~ Mel-CV cells/miR-1236/  Jin et al. (2020)
Mel-CV cells. repress Mel-CV cell glycolysis and LDHA ~ c-MYC-SRSF1 axis
activities
CDRlas Down inhibit malignant progression miR-7/LINC00632/ Hanniford et al.
IGF2BP3 (2020)
circ_0084043 Up promote cell proliferation, migration and invasion, miRNA (miR)-429/ Zhibing Chen et al
facilitate apoptosis in A375 and SK-MEL-28 cells TRIB2 (2020)
circFOXMI1 Up promote cell proliferation, invasion, and glycolysis and  miR-143-3p/FLOT2/ Ke Tian et al.
facilitated cell apoptosis MTT assay (2020)
circ_0002770 Up promote cell invasion, migration, and proliferation miR-331-3p/DUSP5 and  Qian et al. (2020)
TGFBRI
circ_0020710 Up promoted melanoma cell proliferation, migration and  miR-370-3p/CXCL12 Wei et al. (2020)
invasion
circ 0001591 Up promoted cell growth and cell invasion and reduced  ROCK1/PI3K/AKT/ Yin et al. (2021)
apoptotic rate of melanoma ROCK1/miR-431-5p
circ_0079593 Up Promotes cell proliferation, cell cycle progression, miR-573/ABHD2 Zhao et al. (2021)
migration, invasion, inhibits cell apoptosis, and promotes
tumor growth
CircRNA_0082835  Up Promotes proliferation, invasion and migration of EZH2/miR-429 Sun et al. (2021)
melanoma cells and regulates cell cycle levels
circZNF609 Up Promotes the invasion, migration and proliferation of ~ miR-138-5p/SIRT7 axis ~ Yan Liu et al.
melanoma cells and inhibits apoptosis (2021)
circVANGLI Up Promotes proliferation, migration and invasion of miR-150-5p/TGE-f Zhou et al. (2021)
melanoma cells
Cutaneous circ_0070934 Up associated with tumor aggressiveness miR-1238/miR-1247-5p  An et al. (2019)
squamous cell hsa_circ_0070934  Up Promotes the invasion and proliferation potential of ~ miR-1236-3p/HOXB7  Zhang et al.
SRICHIOA CSCC cells and inhibits apoptosis (2020a)
circPVTI Up Promote CSCC cell proliferation and migration I Shuang Chen et al.
(2020)
circRNA_001937  Up Promote CSCC progression and inhibit apoptosis miRNA-597-3p/FOSL2  Gao et al. (2020)
cireSEC24A Up Promotes cell proliferation, migration, invasion and miR-1193/MAP3K9 axis ~ Xiaoyan Lu et al.
glycolysis, inhibits apoptosis (20212)
hsa_circ 0001360  Down Inhibits the proliferation, migration and invasion of SCL-  / Chen et al. (2021)
1 cells and promotes apoptosis
Cire_0067772 Up Promotes proliferation, migration and invasion of CSCC  miR-1238-3p/ Ziwei Li et al.
cells FOXGI axis (2021)
hsa_circ 0070934 Up Promote CSCC cell proliferation, cell cycle process, miR-136-5p/PRAF2 axis ~ Xiong et al. (2021)
migration, invasion, and inhibit apoptosis
circ-CYP24A1 Up Promote cell proliferation, migration and invasion, CDS2, MAVS # SOGA  Zhang et al.
inhibit apoptosis (20212)
hsa_circ_0008234  Up Increased the cell viability and colony formation of ¢SCC  miR-127-5p/ADCY7 Cai et al. (2021)
cells
circFADS2 Down Inhibits CSCC cell proliferation, metastasis and glycolysis  miR-766-3p/HOXA9 Zhang et al.
(2021b)
cireLARPIB Up Promotes cell viability, colony-forming ability, migration, miR-515-5p/TPX2 axis ~ Yan Wang et al.
invasion, cell cycle progression and glycolysis of CSCC (2022)
cells, and inhibits apoptosis
circ_0001821 Up Promotes cell viability, colony formation, cell cycle miR-148a-3p/EGER axis, ~ Yue Zhang et al.

progression and metastasis, and inhibits apoptosisin vitro

and promotes tumor growth in vivo

PI3K/Akt pathway

(2022)
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miRNAs

miR-125b
miR-124/-214
miR-361-5p
miR-20a
miR-199a
miR-199a-5p
miR-148a
miR-204
miR-497
miR-497
miR-3619-5p
miR-30a-5p
miR-199a-5p
miR-27a
miR-125b
miR-216b
miR-10a
miR-214
miR-451a
miR-130a
miR-573
miR-30¢

Expression

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Down

Function role

Inhibit proliferation, colony formation, migration and invasion
Inhibit cell proliferation

Inhibit cell invasion and angiogenesis

Suppress cell proliferation and metastasis

Inhibit tumor growth and metastasis

Inhibit cell invasion

Inhibit cell proliferation and metastasis.

Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit cell proliferation

Inhibit cell proliferation and ¢
Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit cell proliferation and promote cell apoptosis
Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit tumor malignant progression

Inhibit cell proliferation, migration and invasion

Inhibit cell proliferation and cisplatin resistance

Related genes

MMPI3

ERK1/2

VEGFA

LIMK1

CD44

BCAM, FZD6 and DDRI1
MAP3K4 and MAP3K9
PTPNI1
SERPINE-1
FAM114A2
KPNA4

FOXG1
Sirt1/CD44ICD
EGFR

STAT3

TPX2

SDC-1

VEGFA and Bcl-2
PDPK1

ACVR1

PICSAR

SIRT1

References

Xu et al. (2012)

Yamane et al. (2013)
Kanitz et al. (2012)

Jianda Zhou et al. (2014)
Shao Hua Wang et al. (2014)
Kim et al. (2015)

Bai et al. (2018)

Toll et al. (2016)

Mizrahi et al. (2018)

Wei et al. (2018)

Zhang et al. (2019)

Zhang et al. (2019)

Lu et al. (2020)

Yinghui Wang et al. (2019)
Ke Tian et al. (2020)

Feng et al. (2020)

Xiong et al. (2020)

Ma et al. (2020)

Fu et al. (2021)
Lohcharoenkal et al. (2021)
Kai Wang et al. (2022)

Liu et al. (2022)
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Cellular process

Cell proliferation

Cell cycle

Cell apoptosis

miRNAs

miR-377
miR-664
miR-21
miR-330-5p
miR-4262
miR-135b
miR-181
miR-140-3p
miR-34a
miR-193b
miR-186
miR-21-5p
miR-125b
miR-92a-3p
miR-363
miR-128

Related genes

E2F3 and MAP3K7
PLP2

PTEN

TYR and PDIA3
KLF6

LATS2
STAT3-AKT
ABHD2

ZEB1

CCND1
CDKN2C
MYCBP2

BCL2

ccLg

References

Zehavi et al. (2015)
Ding et al. (2015)
Saldanha et al. (2016)
Su et al. (2016)

Zhang et al. (2016)
Xinde Hu et al. (2019)
He et al. (2020a)

He et al. (2020b)

Xu et al. (2021)

Chen et al. (2010)

Su et al. (2018)

Yang et al. (2020)
(Glud et al., 2011; Nyholm et al., 2014)
Venza et al. (2016)
Zhu et al. (2018)
Song et al. (2018)
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Cellular process miRNAs Related genes References

Migration miR-532-5p RUNX3 Kitago et al. (2009)
MiR-125b / Glud et al. (2010)
miR-200 and miR-203 E-cadherin van Kempen et al. (2012)
miR-21 TIMP3 Martin del Campo et al. (2015)
miR-21 PDCD4 Jiao et al. (2015)

Metastasis miR-23a ATGI12 Guo et al. (2017)
miR-367 PTEN Long et al. (2018)
miR-509-3p GPC6 Li et al. (2019)

miR-152-5p

TXNIP

Li et al. (2020)
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Cellular process

Drug resistance

Tumor microenvironment

miRNAs

miR-514a
miR-579-3p
miR-26a
miR-205
miR-92a-3p
miR-125b-5p

Related genes

NF1

Verofini

HMGBI- dabrafenib
INPPL1

Dasatinib

LIPA

References

Stark et al. (2015)

Wang et al. (2018)

Yan Yu et al. (2019)
Sanchez-Sendra et al. (2020)
Yuxiong Jiang et al. (2021)
Gerloff et al. (2020)
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miRNAs

miR-203
miR-451a
miR-18a
miR-17-92
miR-143-145

Expression

Down
Down
Up
Up

Down

Function role

Inhibit cell proliferation and differentiation and tumor growth
Inhibit cell growth and colony formation

Promote tumor malignant progression

Promote tumor malignant progression

Inhibit tumor malignant progression

Related genes

cJUN

TBX1

Akt/mTOR/Beclin 1/LC3
/

!

References

Sonkoly et al. (2012)
Sun and Jiang, (2018)
Mi et al. (2020)

Sand et al. (2017)
Sand et al. (2017)
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miRNAs

miR-365

miR-31
miR-135b
miR-346
miR-
199a-5p
miR-217
miR-142-5p
miR-506
miR-186
miR-766

miR-320a
miR-22
miR-486-3p
miR-196a

Expression Function role

Up

Up
Up
Up
Up

Up
Up
Up
Up
Up

Up
Up
Up
Up

Promote tumor malignant progression

Promote cell migration, invasion, and colony formation
Increase the motility and aggressiveness of cancer cells
Promote cell proliferation and migration

Promote tumor malignant progression

Promote cell growth, cell cycle and invasion
Promote cell growth and inhibit cell apoptosis
Promote cell viability, migration, and invasion
Promote cell growth and inhibit cell apoptosis

Promote cell proliferation, migration, invasion and inhibit cell
apoptosis

Promote cell growth and inhibit cell apoptosis
Promote chemosensitivity
Promote cell proliferation, migration and tumorigenicity

Promote cell proliferation, migration, invasion

Related
genes

NFIB/
CDK6/BAX

RhoBTBI
LZTS1
SRCIN1
CDH1/MMPs

PTRF
PTEN

LAMC1
RETREG1
PDCDS5/MMPs

ATG2B
Wnt/p-catenin
FLOT2

References

(Meijuan Zhou et al., 2014; Zhou et al., 2015)

(Aoxue Wang et al,, 2014; Lin et al,, 2017)
Olasz et al. (2015)
Chen et al. (2016)
Wang et al. (2016)

Bai et al. (2017)

Bai et al. (2018)

‘Wu Zhou et al. (2019)
Yan Hu et al. (2019)
Liu et al. (2020)

Bi et al. (2021)

Yuan et al. (2021)

Liet al. (2022)

‘Wei Zhang et al. (2022)
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Genes Modification Target genes Functions in References

type cancer
Writer
METTL3 meA MYC, EGFR, SP1, SP2, SOX2 Oncogene Lin et al, (2016); Barbieri et al., (2017); Cui et al., (2017); Vu et al. (2017);
METTL14 meA Weng et al. (2018)
NSUNs msC fRNA, NMR, HDGF Oncogene Saifo et al. (2001); Bantis et al. (2004); Li et al. (2018); Chen et al. (20190)
METTL1 mrG Prilet? Oncogene Pandolfini et al. (2019)
PUS10 Pseudouridine Unknown Tumour suppressor  Jana et al. (2017)
DKC1 Pseudouridine ANA Tumour suppressor  Ruggero et al. (2008); Montanaro et al. (2010)
TERC Oncogene Penzo et al. (2015)
Eraser
FTO meA PDCD1, CXCR4, SOX10, ASB2, Oncogene lles et al. (2013); Li et al. (2017); Yang et al. (2019)
RARA
ALKBHS meA FOXM1, NANOG Oncogene Zhang et al, (2016b); Zhang et al. (2017)
ALKBH3 miA tRNA, CSF1 Oncogene Konishi et al. (2005); Chen et al. (2019d); Woo and Chambers, (2019)
Reader
YTHDC2 meA HF1A Oncogene Tanabe et al. (2016)
YTHDF1 meA FZD9, WNT6 Oncogene Bai et al. (2019)
YTHDF2 meA TNFRSF1B Oncogene Paris et al. (2019)
IGF2BP1 meA SRF Oncogene Miler, (2019)

IGF2BP2 mBA SOX2, MYC Oncogene Li et al. (2019); Wang et al. (2019)
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Type

mBA writer

mBA eraser

mBA reader

Regulators

METLL3
METLL14
METLL16
WTAP
VIRMA
ZC3H13
RBM 15
CBLL1/Hakai

ALKBHS
FTO

YTHDC1
YTHDC2
YTHDF1
YTHDF2
YTHDF3
IGF2BPs
eF3
hnRNPA2B1
hnRNPC

Biology function

Catalyzes m6A modification

Cooperates METLLS to recognize the subtract

Catalyzes m6A modification

Promotes METLL3/14 heterodimer to the nuclear speckle

Recruits the mBA complex to the special RNA site and interacts with polyadenylation cleavage factors CPSF5 and CPSF6
Promotes the nuclear localization of the m6A complex

Binds RNA and recruits m6A complex to special RNA site

Core component for METTL3/14 stabilization

Removes m6A modification
Removes m6A modification

Contributes to RNA spiicing, stabilzation, export
Enhances mRNA translation and reduces the abundance of target RNA
Enhances mRNA transiation

Promotes mRNA degradation

Cooperates YTHDF1/2 for RNA transiation/degradation

Enhances mRNA stabilty and storage

Enhances mRNA transiation

Mediates pri-miRNA processing and pre-mRNA spicing

Mediates pre-mRNA spiicing
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DNA methylation Expression Function in CRCs Reference
SFRP1 Down Suppressor Detection, prognosis, and metastasis (30)
SFRP2 Down Suppressor Detection, prognosis, and metastasis @1)
SFRP4 Up Suppressor Detection, prognosis, and metastasis 32)
SFRP5 Up Suppressor Detection, prognosis, and metastasis 33)
SDC2 Up Carcinogenic Detection, prognosis, and metastasis (34)
HPP1 Up Carcinogenic Metastasis and pre-therapeutic outcomes (35)
HLTF Up Carcinogenic Metastasis and pre-therapeutic outcomes (36, 37)
SEPT9 Up Carcinogenic Metastasis and pre-therapeutic outcomes @7)
BCAT1 Up Carcinogenic Metastasis and pre-therapeutic outcomes (38)
NPY Up Carcinogenic Metastasis and pre-therapeutic outcomes (39, 40)

Shown in the table are the usual DNA methylation markers for the prediction of metastasis in CRCs.
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Expression Signaling pathway Function in CRCs Reference
Long non-coding RNAs
XIST Up ZEBH1, 2/E-cadherin, vimentin Promotes metastasis (101)
H19 Up ZEB1, 2/E-cadherin, vimentin Promotes metastasis (92)
SPRY4-IT1 Up ZEB1, 2/E-cadherin, vimentin Promotes metastasis 91)
TUG1 Up Wnt/B-catenin Signaling Promotes metastasis (102)
MALAT1 Up Chromatin Remodeling and epigenetic modulation Promotes metastasis (103)
UCA1 Up mTOR signaling Promotes metastasis (96)
BANCR Up MAPK/ERK Promotes metastasis (104)
LNCRNA-ATB Up Caspase signaling Promotes metastasis (98)
HOTAIR Up unclear Promotes metastasis (100)
HOXA-AS2 Up unclear Promotes metastasis (99)
Circular RNAs

circCSPP1 Up circCSPP1/miR-193a-5p/COL1A1 axis Promotes metastasis (105)
circRNA_0001946 Up miR-135a-5p/EMT axis Promotes metastasis (108)
circ_0026344 Down Wnt/B-catenin signaling Inhibits metastasis (107)
circRNA_0074027 Down EMT signaling pathway Inhibits metastasis (108)
hsa_circRNA_102209 Up Ras and Rab interactor 1 signaling Promotes metastasis (109)
circPTK2 Up EMT signaling pathway Promotes metastasis (110)
hsa_circ_0001178 Up ZEB1/miR-382/587/616 axis Promotes metastasis (111)
hsa_circ_0009361 Down Whnt/B-catenin signaling Inhibits metastasis (112)
circRNA_100876 Up EMT signaling pathway Promotes metastasis (113)
circ-SIRT1 Up circ-SIRT1/EIF4A3/N-cadherin/vimentin pathway Promotes metastasis (114)
circRNA_104916 Down EMT signaling pathway Inhibits metastasis (115)
hsa_circRNA_002144 Up miR-615-5p/LARP1/mTOR pathway Promotes metastasis (116)
circRNA_101951 Up KIF3A-mediated EMT pathway Promotes metastasis 117)
circTBL1XR1 Up CircTBL1XR1/miR-424 axis Promotes metastasis (118)

Down miR-576-5p/PCDH10 axis Inhibits metastasis (119)

hsa_circ_0001666

LncRNAs can regulate CRCs through modulating the EMT process, while circRNAs can regulate CRCs through modulating EMT in tumor tissues.
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Author Source of Components in Target molecules Regulated phenotype Outcomes Reference

exosomes exosomes

J.L. Hu Cancer-associated miR-92a-3p FBXW?7 and MOAP1 EMT Metastasis (160)
fibroblasts (CAFs)

T. Liu normal intestinal FHC miR-128-3p BMI1 and MRP5 EMT Metastasis and (161)
cells oxaliplatin resistance

Z. Liang CRC cells LncRNA RPPH1 TUBB3 and macrophage M2 polarization EMT Metastasis (162)

H. Xu hepatocyte miR-203a-3p Src EMT Metastasis (158)

D. Wang CRC cells miR-25-3p, miR-130b-  PTEN through PI3K/Akt signaling EMT Metastasis (164)

3p, and miR-425-5p pathway/macrophage M2 polarization
R. Rezaei CRC cells mMIRNA-375-3p B-catenin, vimentin, ZEB1, and SNAIL EMT Metastasis (165)
X.Zhang CRC cells miR-1255b-5p Human telomerase reverse transcriptase  EMT Metastasis (166)
(hTERT) and BRG1

T.Li Mesenchymal stem  microRNA-3940-5p Integrin 06 and TGF-B1 EMT Metastasis (157)
cells

H. Liu CRC cells miR-106b-3p DLC-1 EMT Metastasis (167)

L. Zhou Cancer-associated LncRNA LINC00659 miR-342-3p/ANXA2 axis Proliferation, invasion, Metastasis (168)
fibroblasts (CAFs) migration, and EMT

Z. Xiao CRC cells miR-1915-3p PFKFB3 and USP2 EMT Metastasis (169)

F. CRC cells miR-106b-3p Deleted in liver cancer 1 (DLCT) EMT Metastasis (170)

Mannavola

Y. Xu CRC cells circRNA FBXW7 miR-18b-5p EMT and oxaliplatin Metastasis 171)

resistance
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Type of
ginsenoside

Physiological
effects

Rh2 Arrest cell cycle

Rg2
Rh1

RgS
Rkl
Rpl

F2 Inhibit proliferation
Rd
CK

Cell lines

MCEF-7, MDA-MB-231
MCEF-7

MCF-7, HCC1428;
MDA-MB-231

MCF-7
MDA-MB-231

MCF-7, T-47D,
MDA-MB-231

CSCs
MCF-7; MDA-MB-231
MCEF-7

Related signaling pathways

N/A
N/A

Inhibit ROS/PI3K/Akt pathway; Induce
intracellular calcium accumulation and
ER stress signaling pathways

N/A
N/A
Inhibit the IGF-1R/Akt pathway

N/A
Inhibit TRPM7
Inhibit PI3K/Akt pathway

References

(Choi et al., 2009; Peng et al., 2022)
(Jeon et al,, 2021a; Jeon et al,, 2021b)
(Huynh et al, 2021; Jin et al, 2022)

Kim and Kim (2015)
Hong and Fan (2019)
Kang et al. (2011)

Mai et al. (2012)
(Kim 2013; Liu H. et al, 2020)
Zhang and Li (2016)

Type of Physiological
ginsenoside effects

Cell lines

Related signaling pathways

References

Rh2

Rg3 Induce apoptosis
Rgl

Rg2

Rhd

Rd

Rpl

CK Inhibit proliferation

Rh2

MCF-7, MDA-MB-231
MDA-MB-231
MDA-MB-231

MCF-7

MCEF-7

MCF-7

MCE-7, T-47D,
MDA-MB-231

MCEF-7; TNBC cells
(MDA-MB-231, etc))

MCF-7, MDA-MB-231

N/A
N/A
N/A
N/A
N/A
N/A
Inhibit the IGF-1R/Akt pathway

Inhibit PI3K/Akt pathway

N/A

Ren et al. (2018)

Nakhjavani et al. (2019)

Chu et al. (2020)

(Jeon et al., 2021a; Jeon et al., 2021b)
Duan et al. (2018)

Kim (2013)

Kang et al. (2011)

(Zhang and Li 2016; Zhang B.
etal, 2022)

(Choi et al., 2011; Peng et al,, 2022)

Rg3 MDA-MB-231 Block NF-B signal transduction (Kim et al., 2013; Kim et al, 2014)
Type of Physiological Cell lines Related signaling pathways References

ginsenoside effects

Rgl MDA-MB-231 N/A Chu et al. (2020)

Rg2 MCE-7 N/A (Jeon et al,, 20212; Jeon

Rh1

MCF-7, HCC1428; MDA-
MB-231

Inhibit ROS/PI3K/Akt pathway; Induce
intracellular calcium accumulation and

ER stress signaling pathways

et al., 2021b)

(Huynh et al, 2021; Jin
et al, 2022)

RgS MCF-7 Inhibit the PI3K/Akt/mTOR pathway; (Kim and Kim 2015; Liu and
Regulat mitochondria-mediated Fan 2018; Liu and
pathway Fan 2020)

RK1 MDA-MB-231 Inhibit ROS/PI3K/Akt pathway Hong and Fan (2019)

Rh4 MCE-7 N/A Duan et al. (2018)

Rd Inhibit migration and  4T1 (in vitro and in vivo) N/A Wang et al. (2016)

Rh2 disvasion MDA-MB-231 N/A Hou et al. (2019)

Rg3 MDA-MB-231 N/A Chen et al. (2011)

Type of Physiological Cell lines Related signaling pathways References

ginsenoside effects

Rgl MCEF-7 Inhibit NF-kB activity LiJ. et al. (2014)

Rh1 Induce autophagy MDA-MB-231 Inhibit STAT/NF-kB signaling pathway Jin et al. (2021)

Rg3 MCEF-7 Inhibit mTOR/PI3K/Akt and JNK/Beclin-1 Zhang et al. (2016)
signaling pathways

Rg2 MCF-7 N/A Chung et al. (2018)

Rh1 MCEF-7, HCC1428 Inhibit ROS/PI3K/Akt pathway Huynh et al. (2021)

RgS MCF-7 N/A (Liu and Fan 2018; Liu and

Fan 2020)

Rd Inhibit angiogenesis MDA-MB-231 Inhibit Akt/Mtor/p70S6K pathway Zhang et al. (2017)

Rg3 Inhibit EBMT MCE-7 N/A Zhang et al. (2016)

CK MCF-7 Inhibit PI3K/Akt pathway Zhang and Li (2016)

Rg3 MDSCs N/A Song et al. (2020)
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Source

Bitter melon
Grapefruit
Grapefruit
Grapefruit

Lemon

Pathway

NLRP3 MAP30

MHCI

HER2

LFA-1 CXCRI CXCR2

P-gp

Compound

5-FU

miR17
Doxorubicin
Doxorubicin

Doxorubicin

Method

Electrophoresis Dialysis
Sucrose gradient centrifugation
Ultracentrifugation

Density gradient centrifugation

Density gradient centrifugation

Application

0ssC
Brain tumor
Breast cancer
CT26

Ovarian cancer

References

Yang et al,, (2021)
Friedmann, (2016)
Tang et al,, (2020)
Wang et al,, (2015)
Xiao et al., (2022)
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Source Pathway Method Application References

Ginseng TLR4 MyD88 Differential centrifugation Melanoma Cao et al,, (2019)
Dendropanax morbifera  MITF TYR TRP-1 TRP-2 Differential centrifugation Melanoma Lee et al., (2020)

Grapefruit CCCNB1 CCNB2 p21 ICAM-1 Melanoma Stanly et al, (2020)
Moringa oleifera Bdl-2 Differential centrifugation Hela cell Abdul Rahman et al, (2020)
Asparagus Ki67 PCNA Differential centrifugation HCC Zhang et al., (2021)

Lemon Cas3 Cleaved caspase-3 TRAIL  Density gradient centrifugation A549 SW480, SW480 LAMAS4  Raimondo et al,, (2015)
Corn TNF-a Sucrose cushion ultracentrifugation ~ CT26 Sasaki et al.,, (2021)

Garlic p53 Bax Cas3 Cas9 Bd-2 VEGF  Differential centrifugation ATCC HTB-44 ATCC CCL-185  Ozkan et al,, (2021)
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Characteristic High(1=18) Low (n=14) p value

Age - - 0928
255 years 8 6 -
<85 years 10 8 -
Sex - - 0957
Female 14 1 -
Male 4 3 -
Size - - 0301
<20cm 9 10 s
2.0~ 4.0cm 5 2 -
>4.0 cm 4 2 -
Metastatic sitefs) - - 0667
Lymph node-only 6 4 -
Lung-only 4 3 -
Bone-only 2 1 -
Others or combined 6 6 -
Rx-WBS after initial ™'l therapy - - 0.011*
91|-avid 4 10 -
Non-"*'I-avid 14 4 -
Tden (ng/m)) 53.7 + 132 489+ 235 0.338
Tgor (ng/m) 3747791  2042:1093 0673

'3}, radlioiodline; Rx-WBS, post-therapeutic whole body scan; Tgan, Suppressed
thyroglobulin; Tgo stimulated thyroglobulin,
aStatistical significant difference.
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