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Abstract

:

Many studies have reported an increase in the level of circulating cell-free DNA (cfDNA) in the blood of patients with cancer. cfDNA mainly comes from tumor cells and, therefore, carries features of its genomic profile. Moreover, tumor-derived cfDNA can act like oncoviruses, entering the cells of vulnerable organs, transforming them and forming metastatic nodes. Another source of cfDNA is immune cells, including neutrophils that generate neutrophil extracellular traps (NETs). Despite the potential eliminative effect of NETs on tumors, in some cases, their excessive generation provokes tumor growth as well as invasion. Considering both possible pathological contributions of cfDNA, as an agent of oncotransformation and the main component of NETs, the study of deoxyribonucleases (DNases) as anticancer and antimetastatic agents is important and promising. This review considers the pathological role of cfDNA in cancer development and the role of DNases as agents to prevent and/or prohibit tumor progression and the development of metastases.
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1. Introduction


The presence of cell-free DNA (cfDNA) in blood plasma was first described by Mandel and Métais in 1948 [1]. However, researchers did not pay much attention to this work until 1977, when Stroun and Anker described in detail the circulating cfDNA of body fluids in some higher organisms [2]. Today, a large amount of data has been accumulated on circulating cfDNA in the blood of mammals, but the functions of this cfDNA are still not well understood. In the clinical setting, attempts have been made to use cfDNA as a liquid biopsy for the early diagnosis of various diseases or for prenatal diagnostics [3,4]. Despite the success achieved in the search for new markers of tumor progression presented in the pool of cfDNA, the insufficient efficiency of the methods and frequent false positive results markedly limit the application of cfDNA-based liquid biopsy in clinical settings [5]. On the other hand, an increased level of microsatellite fragments, tandem repeats and mobile genetic elements (MGE) is usually detected in the blood-derived cfDNA pool at the early stages of the development of both experimental tumors and various tumors in patients [6,7,8,9]. Therefore, these sequences are considered promising prognostic and diagnostic markers in oncology.



A thorough study of cfDNA characteristics raises the question of the possible role of cfDNA in carcinogenesis. According to the genometastatic hypothesis, ‘metastases can occur by transfection of vulnerable cells located in the target organs with tumor-specific DNA from cells of the primary tumor circulating in the blood plasma’ [10]. This hypothesis has been accepted by other authors as a model that could explain the inconsistencies in experimental data regarding metastasis [11]. In several studies, researchers have shown that tumor-derived cfDNA, which includes fragments of oncogenes, can behave like oncoviruses, which opens up an alternative pathway for metastasis spreading [12,13,14]. The discovery of DNA-containing microvesicles (MVs) and the data demonstrating horizontal DNA transfer between various cells in vitro and organisms have strengthened this hypothesis [15].



The discovery of the phenomenon of neutrophil extracellular traps (NETs) has changed the existing concepts of immunology [16]. In 2003, it was discovered that neutrophils and other granulocytes can release their own DNA into the extracellular space and decorating it with the contents of the granules with the formation of special NETs, which are capable of catching and killing pathogens [17]. It has been repeatedly noted that in many cases, tumor development and metastasis are accompanied by excessive NET formation, which not only enhances adhesion and invasion, but in some cases also allows the tumor to avoid immune surveillance [18].



Taking into account the possible pathological role of cfDNA in carcinogenesis, the development of new antitumor and antimetastatic drugs based on deoxyribonucleases (DNases) is currently underway. In this review, we focus on the role of tumor-derived cfDNA in tumor progression, the pro-tumor and anti-tumor effects of NETs and the involvement of DNases in the regulation of DNA-mediated metastasis and tumor dissemination.




2. Brief Historical Insight


Horizontal DNA transfer is not particularly widespread; there is some experimental evidence showing that this phenomenon is not frequent and is difficult to prove. Horizontal DNA transfer was first shown in bacteria, in which this process plays an important role in the development of antibiotic resistance and adaptation to new environments [19,20]. The exchange of genetic material between cells in plant tissue grafts is also known [21]. Many studies published between 1960 and 1970 indicate that eukaryotic cells can absorb extracellular DNA [22,23], and the ability to exchange DNA does not depend on the origin of the donor and recipient cells [22]. Nevertheless, it has been shown that exogenous DNA is capable of inducing chromosome damage [24] and changing the karyotype of cells in the case of a different origin of exogenous DNA and the recipient cells [12]. There is also evidence that DNA captured by mammalian cells undergoes replication, transcription and translation [25].



Stroun, Anker and Gahan developed the concept of the exchange of genetic material: in experiments with bacteria, plants and higher organisms, they identified complexes containing bacterial DNA and their DNA- and RNA-dependent DNA polymerases, capable of integrating fragments of the bacterial genome into the genome of the host cell [26,27]. Based on this finding, these authors proposed the concept of virtosomes–lipoprotein complexes containing DNA, RNA and DNA- and RNA-dependent DNA polymerases that play an important role in intercellular communication [28]. Considering the existence of horizontal DNA transfer, the presence of large amounts of tumor-derived cfDNA in the blood of patients with cancer suggests their possible function as carriers of certain ‘tumorigenic’ properties to normal cells.




3. Composition of cfDNA


Leon and colleagues [29] first reported that cfDNAs are present in the blood serum of patients with cancer in concentrations exceeding those in the blood of healthy donors; subsequent studies have supported this finding [30,31,32,33]. The concentration of cfDNA in the blood of patients with cancer can increase to 1000 ng/mL and more, and on average it ranges from 200 to 300 ng/mL [34,35,36]. It has been firmly established that cfDNA contains fragments of oncogenes, hypermethylated tumor suppressor genes, aberrant microsatellites, aberrant DNA methylation genes and rearranged chromosomes [37,38]. Most of this cfDNA has a tumor origin, and it has been suggested that such cfDNA appears in the blood as a result of necrosis and apoptosis of tumor cells, cells of the tumor microenvironment destroyed during the processes of tumor growth, or immune cells, mobilized to eliminate tumor cells. Researchers suggest that cfDNA derived from tumor cells must be perceived not just as ‘half-eaten’ fragments of dead cells, but as agents with a certain pathogenic function.



It has been established that circulating cfDNA contains sequences not typical for normal cells, including hypermethylated sequences [39], mutant mitochondrial DNA sequences [40,41], retrotransposons [42,43,44] and even rearranged genes [45]. Mutant sequences of oncogenes and oncosuppressors have frequently been found. Fragments of the mutant KRAS gene, which is a key participant in the intracellular cascades responsible for cell oncotransformation, and the TP53 gene, which plays a key role in triggering apoptosis, are the most frequent in the pool of cfDNA in patients with cancer. Mutant sequences of the EGFR, BRAF, HER2, ALK and BRCA genes, among others, are often found in the blood of patients with various types of cancer [46]. For some genes, an increase in the number of copies has been found both in tumor cells and in the cfDNA pool. In patients with intracranial tumors, an increased representation of the HER2 gene fragments was found in the cerebrospinal fluid [47]. High levels of fragments of the MYC gene were found in the blood of patients with neuroblastoma [48,49].



In the cfDNA pool of patients with cancer, many authors have found an increased number of MGE including short interspersed nuclear elements (SINEs), mostly Alu, and long interspersed nuclear elements (LINEs), in particular, L1 and L2 [50,51,52]. MGE are repeating elements of the genome that can be located in tandem (satellite heterochromatin, telomeres, etc.) and can be scattered throughout the genome (MGE, pseudogenes, etc.) [53]. In 1977, researchers first reported the enrichment of cfDNA with Alu fragments in patients with cancer, at a significantly higher level than in healthy donors [2], and this has been confirmed many times [54,55]. The increased level of Alu repeats in circulating cfDNA is often correlated with the stage of tumor progression and with its severity [56]. The amplification and insertion of LINEs, some of which are actively translocating elements, have been noted in lung cancer, colon cancer and brain tumors [57]. The presence of these sequences in the blood of patients with cancer indicates both the processes occurring in the tumors and the fact that these DNA could be involved in signal transmission through MGE.



Naked cfDNA is not found in the blood; short DNA fragments circulate in complexes with histones and are often found in nucleosomes as well as in aggregates with blood proteins [58]. Large DNA is often found in more multiplex protein complexes and membrane particles, such as exosomes, apoptosomes, virtosomes and other MVs [59]. An increase in the amount of cfDNA in the complexes indicates a disruption in the normal functioning of proteases and nucleases; the presence in the blood of an excessive amount of DNA-containing MVs, predominantly of tumor origin, indicates the existence of signal transmission from tumor cells to normal cells in the form of genes or their promoter regions.




4. Participation of cfDNA of Tumor Origin in Malignant Transformation of Healthy Cells


The ‘classic’ theory of metastasis assumes that metastases are formed by the cells of the primary tumor spreading through the bloodstream, with the formation of metastatic foci in the most ‘sensitive’ target organs. In 2010, a group of researchers led by Garcia-Olmo put forward a hypothesis on the key role of cfDNA in metastasis (‘the hypothesis of genometastasis’). It is assumed that metastases are formed as a result of transfection of normal cells located in the target organs with tumor-derived cfDNA [10]. This hypothesis has been adopted by other authors as a model to explain the contradictions in the experimental data relating to metastasis.



To prove their hypothesis, Garcia-Olmo and colleagues used the blood plasma of patients with colon cancer as the source of cfDNAs containing mutant fragments of KRAS, TP53, and HBB (encoding β-globin) genes. NIH-3T3 murine tumor cells lacking such a mutant gene pattern were incubated for 20 days with blood plasma from patients with colon cancer. They were then injected subcutaneously into NOD-SCID mice and demonstrated high oncogenic potential. In tumor tissue developed from ‘transformed’ NIH-3T3 cells, mutant sequences of the KRAS gene were found. Hence, the authors concluded that the malignant transformation of murine cells was achieved by the transfection of cfDNA from a human blood plasma. In fact, they proved the acquisition of the malignant tumor phenotype by the murine cells. However, in a similar experiment with human adipose tissue stem cells (hASC) as recipients of cfDNA from the same blood plasma of patients with cancer, no mutant forms of any of the studied genes in the cells were found, and the formation of tumors by these cells in mice was not detected [11].



In 2012, Trejo-Becerril and colleagues showed that cfDNA can induce colon tumors in Hsd:Wistar rats and BALB/c mice. A tumor-derived fragment of the KRAS gene with point mutations in the twelfth codon not only causes the transformation of recipient cells in vitro, but also promotes tumor growth in vivo [12]. Similar results have been obtained by other groups using apoptosis-destroyed cells as a source of exogenous DNA. Bergsmedh and colleagues proved the transfer of human HRAS and rat Cmyc gene fragments to recipient mouse embryonic fibroblasts [13]. Gaiffe and colleagues also demonstrated malignant transformation using HIV-positive cervical cancer cells and human mesenchymal cells as the donor and recipient, respectively [14].



In addition to oncogene fragments, MGE delivery into recipient cells could cause malignant transformation. Substantial evidence has been accumulated about malignant transformation of cells by retrotransposition. Mutations of protooncogenes and oncosuppressors caused by the insertion of retrotransposons can induce tumor development [60,61]. The insertion of full-length SINE-VNTR-Alu retrotransposons (SVT) into intron 8 of the caspase-8 gene (CASP8) is associated with an increased risk of basal cell carcinoma and breast cancer but reduces the risk of prostate cancer [62]. To date, there is almost no reliable data that the insertion of SINEs, LINEs or other MGE is associated with metastasis, but already accumulated data indicate that such a connection exists. Thus, an increase in the level of SINEs and LINEs in blood cfDNA during the development of melanoma B16, Lewis lung carcinoma (LLC) and drug-resistant lymphosarcoma RLS40, correlated with the number of metastases. A decrease in the number of metastases was observed in response to DNase I-based therapy and was accompanied by a proportional decrease in the levels of SINEs and LINEs in the blood of tumor-bearing mice [63].




5. Routes of Tumor-Derived cfDNA Penetration into Cells


The question of how DNA penetrates vulnerable cells remains unclear. Mammals have the Toll-like receptor 9 (TLR9) that is capable of recognizing DNA [64]. These receptors are expressed by immune-competent cells like monocytes, macrophages, plasmacytoid dendritic cells and B lymphocytes [65]. However, TLR9 is an intracellular protein, localized in endosomes, with a role to recognize unmethylated CpG of bacterial, viral and mitochondrial DNA [66]. On the cytoplasmic membrane of the tumor cell itself, there are CCDC25 receptors capable of recognizing DNA within NETs [67]. In vitro DNA binding assays have illustrated that CCDC25 preferentially binds NET-DNA with a high level of 8-hydroxy-2′-deoxyguanosine (8-OHdG, a hallmark of NET-DNA) [68]. However, at the moment, no receptors have been found on the surface of normal cells capable of recognizing DNA, although most cells are able to bind DNA due to electrostatic interactions [69].



Because cfDNA often circulates in complexes with proteins and lipoproteins, these structures can also interact with various receptors and facilitate the penetration of cfDNA into cells [70]. Thus, it has been shown that nucleosomes can bind to cell surface proteins with molecular weights of 29 and 69 kDa [71,72,73]. In addition, it seems that antibodies or complement system factors like C1q bound directly to DNA or to histones can interact with cell surface proteins [74,75]. DNA endocytosis occurs actively in immune cells, but it is unclear whether other cells are capable of capturing DNA [76].



The discovery of exosomes and other membrane MVs pushed the development of the theory of horizontal cfDNA transfer. Double-stranded DNA (dsDNA) in MVs was first detected in 2013; later, it was shown that MVs may contain DNA fragments longer than 10 kb [77,78]. Moreover, recent research has also shown that more than 93% of plasma cfDNA is present in exosomes [79]. In addition to being encapsulated in exosomes, cfDNA also can be secreted out of cell through an amphisome-dependent mechanism [80]. There is a large body of data about MVs containing mutant or overamplified DNA fragments in the blood of patients with various forms of cancer; the fragments are typical for the specific types of cancer and often occur in metastases. Circulating MVs from the blood of patients with prostate cancer are characterized by enrichment with fragments of mutant MLH1, PTEN and TP53, whereas circulating MVs of patients with pancreatic cancer are enriched with mutant KRAS and TP53 [81]. Considering that MVs are important messengers between normal cells, the presence of cfDNA in MVs of tumor origin may be a key factor in the transmission of the metastatic signal.



The incubation of epithelial cells with MVs containing fragments of the HRAS gene led to the transfer of the full-length gene into recipient cells, which stimulated phenotypic changes and active cell proliferation [82]. In 2013, Cai and colleagues succeeded in transferring hybrid DNA containing BCR/ABL sequences encapsulated in chronic myelogenous leukaemia (CML) cell-derived MVs to human embryonic kidney (HEK293) cells and neutrophils [77]. A similar result was obtained by this group with vascular wall smooth muscle cell (VSMC)-derived MVs containing the angiotensin receptor type 1 (AT1R) gene, which successfully delivered ATR1 to HEK293 cells, as well as leucocyte-derived MVs with the SRY gene, which delivered SRY DNA into endothelial cells [82,83].




6. Pro-Tumor and Antitumor Effects of NETs


NETs are formed and released in the extracellular space during a process called NETosis, which is used by the innate immune system to destroy and eliminate pathogens that have entered the body [64,84,85]. During the controlled release of DNA, network-like structures are formed; they are decorated with various components of neutrophil granules, such as neutrophil elastase (NE), myeloperoxidase (MPO) and other reactive oxygen species (ROS) producers, interleukins (IL) and other proteins [86]. NETs are the important component of the antimicrobial action of neutrophils, namely the ability to capture and kill pathogenic organisms and to induce inflammatory changes [87].



Over the past decade, a lot of data have been collected on the relationships between NETs and tumors, and these data are rather controversial [88]. The earliest data indicated the presence of an excess amount of newly formed NETs in the tumor microenvironment, both in tumor-bearing mice with various types of tumors and in patients [89]. To date, there is evidence that NETs, on the one hand, can promote both tumor growth and metastasis development, while on the other hand, they contribute to tumor clearance [90]. However, for a long time it remained unclear whether the development of the tumor causes the recruitment of an excessive number of neutrophils, or whether the neutrophils and NETs themselves somehow contribute to the development of the tumor and metastasis.



An excessive number of neutrophils and increased NET formation have been found in many experimental tumors in mice, as well as in biopsies of tumor tissue from patients [91]. Large accumulations of dead neutrophils and NETs have been found in the microenvironment of haemorrhagic lungs in LLC mice, Ewing’s sarcoma, small bowel cancer, colorectal cancer, breast cancer and lymphoma [92,93,94,95,96,97]. Patients with advanced lung, breast or gastric cancer are characterized by excessive formation of NETs and, moreover, research also indicates that NET levels may be associated with metastasis [98,99].



Some authors suggest that NET deposition in tumor tissue may have a cytotoxic effect. NETs were found to inhibit cancer cell growth by inducing apoptosis of Caco-2 and AML cells [100], as well as the migration and viability of melanoma cells [101]. In a CT-26 mouse intestinal adenocarcinoma model, the oncolytic vesicular stomatitis virus triggered an inflammatory response that included neutrophil-dependent initiation of coagulation in tumor blood vessels, possibly mediated by NETs [102].



The overwhelming majority of studies, however, have confirmed that NETs promote tumor progression. Correlations between the stage of oncological disease development and NET formation have continually been shown. A study comparing triple-negative human breast cancer (oestrogen− progesterone−, HER-2−) with luminal HER-2+ breast cancer found excessive NET formation in the case of triple-negative human breast cancer that correlated with the spread of metastases [103]. In patients with stage III/IV gastric cancer, the NET density was significantly higher compared with healthy donors and patients with stage I/II of the disease, while no significant differences in NET density were found between patients with stage III or IV of the disease [98]. The late stages of breast and lung cancer were characterized by higher NET density compared with the early stage [99,103]. Moreover, NETs can serve as an independent predictor of pancreatic duct adenocarcinoma (PDAC): high NET density corresponds to poor postoperative survival in patients with PDAC [104].



More details showing interactions and crosstalk between tumor cells, neutrophils and NETs are depicted in Figure 1. Many experimental data obtained indicated that cancer cells can stimulate NET production, and vice versa. In vitro, breast cancer, diffuse large B-cell lymphoma and non-small cell lung cancer cells can stimulate neutrophils to release NETs by secreting cytokines such as IL-6, IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF), exosomes and hypoxia-inducible factor 1α (HIF-1α) (Figure 1) [88]. Further tumor growth leads to damage of surrounding tissues and intravascular thrombosis of the tumor, and, consequently, ischaemic necrosis. Together, these factors can drive the formation of NETs [88].



In turn, NETosis can provoke tumor growth and metastasis. In a model of small intestine cancer, it was found that increased concentrations of circulating lipopolysaccharides (LPS) increase the expression of the complement component C3a, which leads to NETosis, the induction of coagulation and, in turn, stimulates oncogenesis [105]. Coagulation-induced clots create an attractive environment by inducing a positive feedback loop and by promoting the production of neutrophils, which stimulate coagulation, which then further stimulates tumor development [105]. Some factors secreted by neutrophils, such as IL-17, can promote the epithelial–mesenchymal transition (EMT) of tumor cells, which promotes the invasion of tumor cells into the blood or lymphatic vessels and the subsequent formation of distant metastases [98]. Various NET components including matrix metalloproteinase 9 (MMP-9), cathepsin G and NE can also stimulate the growth and adhesion of tumor cells (Figure 1). As a result, NETs may allow for the formation of a specific tumor microenvironment that promotes the growth of tumor cells. These events can promote proliferation, inhibit apoptosis and induce metastasis [88].



It has recently been demonstrated that NETs can promote metastasis by sequestering tumor cells in mice with human A549 lung carcinoma and mouse LLC [106]. In a model of systemic infection (conditions suitable for metastasis), the release of NETs into the microvasculature and the subsequent uptake of circulating cancer cells by DNA networks has been shown. The authors suggested that, similarly to the capture of bacteria, tumor cells can be immobilised by NETs. Indeed, tumor cells captured by NETs have been shown to survive and proliferate, forming pseudometastatic clots. NETs or their degradation products probably inhibit immune cells, ensuring the survival of the captured tumor cells. The increase in NET density increases metastasis development, and the presence of intravascular NETs after sepsis promotes metastasis in mice [106].



In addition to the direct effect of NETs on the tumor, NETs also contribute to the occurrence of systemic pathological effects in oncological diseases. Indeed, NETs have been hypothesized to contribute to the development of deep vein thrombosis [96]. Cancer-associated thrombosis is one of the most common causes of death in patients with cancer. In 2012, it was shown, for the first time, in models of chronic myelogenous leukaemia and carcinoma of the mouse mammary gland that late stages of the disease are accompanied by excessive NETosis occurring simultaneously with the development of venous thrombi in the lungs [96]. As mentioned earlier, NETs promote platelet aggregation mainly due to negatively charged DNA, as well as histones that stimulate thrombin formation [107]. Moreover, both tissue factors and factor XII are inducers of external and internal coagulation pathways and are often present in NETs [108,109,110].



Excessive NETosis can also lead to complications not directly related to tumor growth, but often occurring in patients with cancer. Recently, in models of breast carcinoma and murine insulinoma, it has been demonstrated that NETs promote vascular dysfunction and systemic inflammation in organs other than tumor growth sites and areas of metastasis, such as the heart and kidneys [111]. Renal vascular hypoperfusion and associated inflammation are indicators of renal failure, a common problem in patients with cancer, often with fatal outcomes [112,113,114]. In 2016, it was shown that NETosis and the vascular dysfunction caused by it are often found in patients with ischaemic stroke complicated by overt or latent oncological disease [115].



To summarize, NET release in early stages of oncological disease may promote tumor elimination, but in the late stages the destruction of excessive NETs is critical for saving the patient’s life. Therefore, the development of drugs aimed at limiting the recruitment of neutrophils, blocking NETosis and the destruction of newly formed NETs is an urgent task.




7. DNases and Their Role in the Maintenance of cfDNA Homeostasis under Pathological Conditions


Due to the potential dangers posed by persistent cfDNA and NETs to the body, the removal of cfDNA from circulation is vital for homeostasis. The half-life of cfDNA is quite short, estimated to be between 16 min and 2 h [116]. There are at least three potential mechanisms of DNA excretion from the blood: active uptake by the reticuloendothelial system in the liver and spleen, passive filtration by the renal system and direct degradation by nucleases [117].



7.1. Intracellular DNases


The level of cfDNA is affected markedly by intracellular nucleases involved in DNA decay during apoptosis, necrosis and other types of cell death. The most important are DNase X and DNA fragmentation factor B (DFFB, DFF40 or CAD) (Table 1). Biochemical suicide molecule endonuclease DNase X was the first DNase I-like enzyme to be discovered. DNase X belongs to the DNase I-protein family, which comprises DNase I, DNase X (DNase I-like 1), DNase I-like 2 and DNase I-like 3 (DNase IL3). The DNase X gene is located on q28 of the X chromosome, and the protein itself is highly conserved, which suggests its key importance for the maintenance of cellular integrity [118]. DNase X is expressed actively in almost all cells to suppress alien gene transfer [119]. DNase X is Ca2+-, Mg2+-dependent and cleaves chromatin with the formation of oligonucleosomes with double-strand breaks (Table 1). DNase X contains a conserved C-terminal hydrophobic domain, due to which DNase X is able to anchor in the cell membrane or in the nuclear envelope [119,120]. The presence of DNase X on the outer membrane has an immunological function, protecting the cell from alien bacterial, viral and other DNAs [121].



In some cases, an increase in the concentration of DNase X can occur in cancer cells, but the reasons for this are not fully understood [122]. Abnormal overexpression of DNase X has been detected in cervical intraepithelial neoplasia (CIN), cervical carcinoma and oral squamous cell carcinoma (OSCC) [123,124]. In the cytoplasm of tumor cells, DNase X is in an inactive form due to the accumulation of a specific antibody to DNase X, an epitope of the Apo10 protein, and does not degrade the DNA of tumor cells [124]. According to other studies, most DNase X just moves to the cell surface, and the protection of tumor cells from alien DNA does not occur due to its degradation, but due to cell shielding [125]. Thus, cell shielding and the accumulation of antibodies to DNase X block apoptosis, and this is a common process for the development of pre-malignant and malignant tumor cells [126].



DFFB is a caspase-3-activated apoptotic nuclease triggering chromatin fragmentation during apoptosis. DFFB cleavage results in formation of oligonucleosomes with double-strand breaks (Table 1). DFFB is expressed by almost all cells and usually is bound with its inhibitor DFFA and activated by the cleavage of its inhibitor by caspase-3 [127]. DFFB is Mg2+ dependent and cleaves internucleosomally both chromatin and naked DNA, preferably at 5′A(G)→3′X >> 5′C(T)→3′X, where X is any nucleotide [127]. The presence of a large number of such fragments in the cfDNA pool indicates that the sources of such cfDNA are apoptotic cells.



Mutations in the DFFB gene lead to the acute disruption of normal cell cascades, the disruption of DNA repair and mutagenesis similar to malignant transformation [131]. Only one high-frequency mutation site in the DFFB gene has been found in patients with endometrial cancer; this mutation led to a violation in the expression of a large number of other genes [132].



Endonuclease G (EndoG), a pro-apoptotic mitochondrial endonuclease, also impacts DNA homeostasis. EndoG is Mg2+/Mn2+-dependent and cleaves single-stranded DNA (ssDNA) and dsDNA in chromatin and DNA in DNA/RNA heteroduplexes with a preference for G- and C-rich regions with formation of oligonucleosomes with double-strand breaks and internal single-strand nicks (Table 1) [129]. Zhdanov and colleagues showed that the overexpression of EndoG can increase the expression of other DNases, including DNase I, DNase X and DNase IL3 [133]. This overexpression was mostly associated with DNA degradation in the promoter/exon 1 regions of the endonuclease genes [133], although EndoG is also able to participate in alternative splicing of DNase I mRNA [134]. Interestingly, the overexpression of EndoG is important for the development of tumor progression, and the silencing of the EndoG gene contributes to the suppression of the proliferation of tumor cells [135,136].



The possible role of DNases in tumor development is shown in Figure 2. In the early stages of cell transformation, EndoG, DNase X and DFFB are activated when apoptosis is triggered. Neighbouring normal cells contribute to this process by activating the expression of the genes of secreted DNases (DNase I and DNase IL3). The increase in the concentration of secreted DNases in the surrounding space attracts macrophages, which impact the antitumor immune response and lead to increased apoptosis of protumor cells (Figure 2A). In the case of impaired apoptosis, EndoG participates in other cascades, changing the cell phenotype and leading to malignant transformation; moreover, DFFB stops synthesizing or becomes inactive. Excessive DNase X is accumulated on the cell surface and secreted into the intracellular space, where it performs a protective function, and some of the inactivated DNase X molecules are accumulated inside the tumor cell (Figure 2A). DNase X on the surface of the tumor cell protects it from destruction by NETs and can also contribute to safe trapping and further formation of metastases. However, at the later stage of cell transformation, the DNase activity decreases sharply (Figure 2B). EndoG continues to function in an excess mode, but it is involved primarily in DNA repair, protecting the cell from apoptosis. Thus, it is obvious that DNases are crucial for the maintenance of normal homeostasis of cells and the whole organism.




7.2. Extracellular Secreted DNases


Extracellular secreted DNases (exDNases) are the main tools for the removal of excess circulating cfDNA. For the most part, exDNases are secreted by endothelial cells, and in some cases by bacterial cells of the intestine microbiome [137]. In blood there are generous amounts of enzymes capable of destroying cfDNA including DNase I and DNase IL3, and also more rare nucleases such as EndoG, apoptosis-inducing factor (AIF), topoisomerase II and cyclophilins [138]. Two circulating DNases, DNase I and DNase IL3, have been shown to have a significant effect on cfDNA levels and/or the enrichment of certain cfDNA fragments [117]. The main role of circulating DNases in an organism is the digestion of the DNA received with food in the intestinal tract. Beyond the digestive role, DNases protect the intercellular space against autoimmune pathological action of cfDNA [139]. Decoding the role of nucleases in the regulation of the level/enrichment of cfDNA is difficult due to the presence of various nucleases in the human body and the ability of nucleases to act both in generating cfDNA through cell death pathways such as apoptosis and in the clearance of cfDNA at the blood level. A deficiency of a particular nuclease can be masked by the action of other nucleases [117].



The main DNA-hydrolyzing enzyme in blood is DNase I belonging to the DNase I protein family. DNase I is expressed predominantly in exocrine cells in the gastrointestinal tract, salivary glands, kidneys and vascular endothelial cells. DNase I is Ca2+/Mg2+-dependent and Zn2+-sensitive. It preferably cleaves naked dsDNA but can cleave ssDNA and DNA in DNA/RNA heteroduplexes less efficiently. It is able to hydrolyze chromatin preferentially with the specificity 5′-T > C >> A,G→3′X, where X is any nucleotide (Table 1) [140]. Normally, the enzyme activity is only 4.4 ± 1.8 units/L (expected activity 6–20 units/L) of blood serum, which is explained by the presence in the blood of a natural inhibitor of DNase I, namely actin (up to 100 μg/mL) [141]. DNase I cleaves DNA to small fragments such as tetranucleotides; it is a single DNase that cleaves DNA with the formation of mononucleosomes [140].



Another DNase mostly recruited to destroy cfDNA is DNase IL3, also belonging to the DNase I family [142]. DNase IL3 is mainly expressed in the liver and spleen, vascular endothelial cells, macrophages and dendritic cells (Table 1). Unlike DNase I, DNase IL3 has a positively charged amino acid sequence in its C-terminal region that allows its transfer to the nucleus, provides high affinity to lipid membranes and facilitates its encapsulation in MVs [143]. It is postulated that this sequence provides the ability of DNase IL3 to digest protein-associated DNA in addition to naked DNA [144]. Therefore, DNase IL3 can degrade chromatin-associated DNA more efficiently than DNase I, which preferably ‘eats’ naked DNA [145]; DNase I is more efficient in cleaving naked DNA [144]. Apparently, DNase IL3 is not inactivated by actin in the cytoplasm or in the blood [117]. The data obtained indicate that DNase IL3 should be recruited actively during apoptotic and inflammatory processes at relatively early stages, before DNase I. The presence of large fragments (>1000 bp) in the case of necrotic processes indicates a violation of the normal expression of DNase IL3.



For the normal removal of cfDNA from the intercellular space and blood, the action of both DNases is required. DNase I exhibits high efficiency in the cleavage of naked DNA and only slightly cleaves DNA in nucleoproteins, whereas DNase IL3 demonstrates less efficiency in cleaving naked DNA, but high efficiency in cleaving DNA in nucleoprotein complexes. It can be suggested that there are some compensatory mechanisms that make it possible to change the activity of nucleases in the case of failure of any of them or their knockdown. Likewise, both nucleases may be involved in NET clearance: the shutdown of both nucleases, but not each separately, leads to uncontrolled NETosis during sepsis or myeloproliferation [146].




7.3. DNase Activity of the Blood during Tumor Progression


Many pathological conditions associated with the release of cfDNA are characterized by changes in the DNase activity of the blood, which indicates the change in the expression of secreted nucleases. The total DNase activity of the blood has been found to differ between healthy donors and patients with cancer, and often depends on the type of cancer and its stage. The earliest data showed that patients with malignant lymphomas were characterized by decreased DNase activity, whereas patients with breast cancer demonstrated higher levels of DNase activity in comparison with healthy donors [147]. Patients with oesophageal cancer or prostate cancer are also characterized by extremely low blood DNase activity, while the level of cfDNA is significantly increased [148,149]. For patients with liver cancer, a correlation has been found between an increased level of DNase activity in the blood with a low concentration of cfDNA in the preclinical setting and the risk of developing cancer. Nevertheless, tumor progression in patients resulted in a decrease in the activity of blood DNases, which is accompanied by an increase in the level of cfDNA [150].



Apparently, an increase in the cfDNA concentration provokes an increase in blood DNase activity. Thus, an increase in DNase activity was observed in precancerous conditions and at an early stage of the development of oncological diseases [151]. However, with the development of the disease, DNases are inactivated when they bind to G-actin and anti-DNase antibodies, therefore, decreasing DNase activity [152]. These data indicate ambiguous relationships between tumor-derived DNA/secreted DNases and tumor progression/intracellular DNases.





8. Exogenous DNases as Antimetastatic and Antitumor Agents


Studies of DNases as antimetastatic and antitumor agents have been conducted for a long time; however, despite the obvious success, the collected data obtained are few and fragmented. Bovine pancreatic DNase I (bpDNase I) has been investigated widely to treat viral and autoimmune diseases, including those caused by the herpes virus, adenoviruses and other DNA viruses [153]. The antitumor activity of bpDNase I was first demonstrated in a mouse Ehrlich ascites carcinoma model in 1961 [154]. In 1964, the first information on the antitumor activity of bacterial DNase from Serratia marcescens was available [155]. The antimetastatic potential of bpDNase I was shown in the 1960s: researchers used a model of spontaneous lymphocytic leukaemia of AKP mice and showed that 250 mg/kg body weight of DNase I decreased the size of the degenerated lymph nodes of affected animals [156]. Twenty years later, a pronounced antimetastatic effect of bpDNase I was shown in the L5178Y-ML mouse tumor model metastasizing in the liver [157]. In 2009, the Alvarado-Vásquez group demonstrated the ability of this DNase to inhibit the proliferation of several tumor cell lines (Calu-1, SK-MES-1, HeLa, HEp-2 and L-929), while normal peripheral blood mononuclear cells (PBMCs) and human embryonic fibroblasts were not affected [158]. In addition to inhibition of tumor cell proliferation, bpDNase I caused a significant decrease in cfDNA in the culture medium [158]; this finding indicates the importance of its DNase activity and the fact that it targets several types of DNA.



Despite the revealed antitumor and antimetastatic activity of DNase I, the mechanism of this activity remains unclear. The accumulated data about the ability of tumor-derived cfDNA to provoke metastases and participate in NET formation suggest that the antitumor effect of DNases is associated with their main function: the ability to cleave DNA, including DNA involved in tumor development. In the last decade, there has been a renaissance in the study of the antitumor potential of DNases. In 2010, the antimetastatic potential of bpDNase I was demonstrated in two mouse models, LLC and A1 hepatoma, when DNase was administered intramuscularly daily at doses from 0.02–2.3 mg/kg body weight [159]. A correlation was found between the antimetastatic effect of DNase I and the decrease in the level of cfDNA in the blood plasma of tumor-bearing animals [159]. In 2013, Wen and colleagues showed high antimetastatic potential of bpDNase I in an in vivo model of pancreatic cancer [160]. In an in vitro study, bpDNase I reduced the migration of pancreatic cancer cells and destroyed tumor-specific NETs, changes that would lead to a decrease in the migration of tumor cells in vitro and the level of metastasis in vivo.



Further research has been divided into two main directions: the destruction of circulating tumor-derived cfDNA, which may contribute to metastasis, and cfDNA integrated into the NET facilitating migration and invasion. It has been shown that bpDNase I destroys excess NETs, reducing their contribution to pathogenic processes like airway inflammation and pneumococcal meningitis [161,162]. In vitro, during the cultivation of neutrophils with lung carcinoma cells in the presence of bpDNase I, the adhesion ability of the cells was increased significantly, while without DNase, but in the presence of neutrophils and, therefore, NETs, the migration and adhesion of tumor cells were five times higher compared with intact cells [97]. In gastric cancer cells cultured in vitro, the EMT-promoting effect of NETs was eliminated by a DNase-1/PAD4 inhibitor [98]. It should be noted that NETs are multicomponent targets. Therapeutic agents targeting the destruction of NETs can be found in the review of Urszula Demkow [163].



In vivo, in the LLC model, bpDNase I blocked the ability of NETs to capture circulating tumor cells (CTCs), followed by an increase in their migration to the liver [164]. Intraperitoneal injections of bpDNase I in mice with a human pancreatic tumor resulted not only in a decrease in NETs, but also in a decrease in the intensity of pathological thrombosis [165]. Injections of microparticles with immobilized bpDNase I also led to a reduction in the total NET area in mice with human lung cancer, which correlated with a decrease in the level of metastasis [103]. In the LLC model, bpDNase I together with decreased metastasis, increased DNase activity and destroyed cfDNA in the bloodstream of tumor-bearing mice [166], and its main targets in cfDNA are tumor-associated DNA, such as tandem repeats, fragments of MGE (SINEs and LINEs) as well as fragments of oncogenes [166]. The antimetastatic and antitumor effect of bpDNase I and its ability to destroy tumor-derived cfDNA has been demonstrated in murine models of melanoma B16 and resistant lymphosarcoma RLS40, which indicates the general patterns of the DNase I functioning in metastases and tumor inhibition [63]. Thus, DNase I has attracted the attention of researchers not only as a ‘restorer of the balance’ between the concentrations of cfDNA and the DNase activity of blood plasma, but as a specific agent for the destruction of tumor-derived cfDNA that could contribute to metastasis formation.



The inhibition of tumor growth by exogenous DNases is a good strategy to replace secreted DNases and countervail its function in the maintenance of normal DNA homeostasis of the organism (Figure 3). One of the prospective directions is the restoration of the normal level of DNase expression in cells. Karli Rosner suggests applying DNase I as an individual anti-cancer therapeutic. The scheme of the suggested therapy is: (i) the expression of a vector encoding genetically modified DNase I that escapes inactivation by G-actin; (ii) an increase in the amount of DNase I in tumor cells; (iii) the introduction of double-stranded breaks in intracellular DNA, and the triggering of apoptosis. There was a significant reduction in the number of cells of a chemo- and radioresistant line of human melanoma under the action of DNase I [167]. In many types of tumors, a high density of DNase X/Apo10 antibodies has been found, which indicates the inactivation of DNase X in tumors [124]. Based on this, the restoration of the level of DNase X in tumor cells might be a useful goal for individually targeted therapy. A strategy for the delivery of transgenic vectors encoding several DNases such as DNase I, DNase IL3, DNase II and DFFB under a common promoter was very successful in triggering apoptosis in cancer cells [168]. Delivery of the DNase I gene in an adenoviral vector to liver cells led to the suppression of liver metastases by destroying local excessive NET production [169].



The combined action of DNase I with other compounds is also of interest. DNase I in combination with hydroxychloroquine (HCQ) or aspirin was shown to be more effective than when used alone in inhibiting NET formation and decreasing hepatocellular carcinoma metastasis [170]. The administration of DNase I and proteases (papain, trypsin and chymotrypsin) reduced both metastases and the primary tumor node [103]. The use of DNase I together with NET inhibitors (PAD4, NE) was effective for cancer therapy [171].



Commercially available recombinant human DNase I (dornase alfa, trade name Pulmozyme) was developed the treatment of cystic fibrosis and acute bronchial asthma, as an agent that reduces the viscosity of sputum in patients [172,173]. Pulmozyme has low toxicity, so it has been tried repeatedly to relieve exacerbations in patients with cancer. The use of Pulmozyme in patients with head and neck cancer after radiochemotherapy reduced the viscosity of oropharyngeal secretions, which increased secondary indicators of quality of life [174]. The application of Pulmozyme makes it possible to cope with lung atelectasis, which is a frequent complication of lung cancer, in a safer manner than conservative treatment (therapeutic bronchoscopy) [175]. Pulmozyme inhalation also decreased excessive NET density in lungs, which reduced the risk of cancer-associated thrombosis [176]. However, there are still no studies devoted to the direct use of Pulmozyme or other dornase compositions for the treatment of oncological diseases.



A method for treating tumors by using bpDNase I and human recombinant DNase I was patented in 2003 by Genkin and colleagues [177] and had been supplemented by various patents up to 2015 [178]; however, the therapy using DNases has not become widespread. Summarizing all the above, DNase I can be suggested as a new effective drug for the treatment of diseases associated with the excessive release of pathological cfDNA, NETs as well as viral and bacterial DNA, and it is a promising anti-metastatic drug for a wide range of tumors.




9. Conclusions


Excess cfDNA is a dangerous factor in the development of various pathological states and malignant diseases. By themselves, cfDNA can activate acute inflammation, which negatively affects the general condition of the patient. cfDNA can be functionally dangerous: the involvement of cfDNA in the horizontal transfer of some ‘tumorigenic’ properties to normal cells—although it remains a controversial concept—could explain many of the inconsistencies in the data on metastasis development and reveal many potential targets for therapy. Excess cfDNA in NETs can also be dangerous and requires further study. DNases, both intracellular and secreted, constitute the main system by which tumor-derived potentially dangerous DNA is removed from an organism. Normal functioning of these DNases provides maintenance of cellular DNA homeostasis, and changes in their activity lead to tumor development. To date, the most promising strategy is to maintain the level of exDNases in the blood by using periodic administration of DNases or target delivery by vectors containing cellular DNases or their activators. In conclusion, DNases are novel, effective therapeutics for diseases associated with excess DNA, including excess circulating cfDNA, NET-integrated cfDNA as well as viral and bacterial DNA. This strategy could be promising for a wide range of tumors.
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Figure 1. Interactions of neutrophils, platelets and tumor cells in tumor development. Tumor cells can directly induce NETosis (the formation of neutrophil extracellular traps (NETs)) by secreting factors such as exosomes, growth-regulated oncogenes (GRO), granulocyte-macrophage colony-stimulating factor (GM-CSF), hypoxia-inducible factor 1α (HIF-1α) or others. Neutrophil activation causes NETosis and NET release. Different NET components are capable of inducing tumor growth and migration. DNA serves as a scaffold and trapping component, additionally acting through CCDC25 receptor binding. HMGB1, a DNA-binding protein, and components of neutrophil granules, namely neutrophil elastase (NE) and reactive oxygen species (ROS), activate tumor cells via the TLR4–TLR9 pathway. NE and matrix metalloproteinase 9 (MMP-9) cut laminin, which through integrin binding induces cascades that result in tumor cell proliferation. Other neutrophil components such as cathepsin G (CatG) or proteinase 3 are also apparently capable of activating tumor cells. In addition, neutrophils are capable of activating platelets through P-selectin glycoprotein ligand-1 (PSGL-1)–P-selectin (P-sel) interactions with TLR4, leading to cancer-associated thrombosis. PSGL-1–P-sel interactions also cause NET release. Furthermore, the tumor promotes platelet activation through the production of tissue factors (TF) such as fibronectin ED-A; TLR4 pathways also mediate these actions. 
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Figure 2. Changes in the activity of DNases in the early (A) and late (B) stages of tumorigenesis. (A) A cell with a pro-tumor phenotype accumulates changes that trigger apoptosis, including activation of EndoG, DFFB and DNase X synthesis. EndoG activates other DNases. In the case of a successful start of the apoptotic cascade, intracellular DNases and later DNase I participate in apoptosis by destroying damaged DNA. At the same time, cells of the tumor environment produce and secrete DNase I into the intercellular space, which should also promote apoptosis. If apoptosis fails, pro-tumor cells accumulate DNases, which are either present in an inactive state in the cytoplasm or are accumulated on the surface of the cell (predominantly DNase X). Surface nucleases protect tumor cells from exogenous DNA and DNA from NETs, thereby preventing the catch and destruction of tumor cells during the early stages of tumorigenesis. EndoG and DFFB take part in the processes of DNA repair and amplification, and mostly remain highly active. The total effect leads to an increase in DNase activity in tumor cells and in the tumor microenvironment. (B) During cell transformation, the EndoG and DFFB levels in tumor cells remain high and promote tumor growth. Tumor cells accumulate inactivated copies of DNase I and DNase X on its surface and in intercellular space. DNase I is inactivated by binding with actin filaments (mostly G-actin) and anti-DNase antibodies. Neighboring cells also reduce DNase I production. Overall, these changes lead to a decrease in DNase activity in the tumor microenvironment that reduces the apoptotic pressure on tumor cells. In addition, a low level of DNase activity leads to the accumulation of NETs; the development of inflammation; an increase in the functioning of transformation cascades in the tumor cell; as well as their detachment, migration and metastasis. 
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Figure 3. Possible use of DNases as therapeutic agents. Abbreviation: NET, neutrophil extracellular trap. 
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Table 1. DNases providing intracellular and extracellular catabolism of DNA.
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Name

	
Source 1

	
Location

	
Specificity 2

	
Cleavage Products 3

	
Ion Dependency

	
Optimal pH

	
Structure

	
Details




	
Intracellular catabolism of DNA






	
DNase IL1

(DNase X)

	
All cells

	
Endoplasmic

reticulum, extracellular membrane

	
Chromatin

	
3′OH, 5′P

oligonucleosomes with ds-breaks [127]

	
Ca2+, Mg2+

	
6–8

	
Capable of homodimerization [128]

	
C-terminal signal peptide, an N-linked glycosylation site and C-terminal hydrophobic domain; inactivated with Zn2+ and Apo10




	
DNA fragmentation factor B (DFFB, DFF40 or CAD)

	
All cells

	
Endoplasmic

reticulum and nucleus

	
5′A(G)→3′X >> 5′C(T)→3′X

chromatin and naked DNA [127]

	
3′OH, 5′P

oligonucleosomes with ds-breaks [127]

	
Mg2+

	
6–8

	
Heterodimer

	
Usually bound with inhibitor DFFA; activated by cleavage of inhibitor with caspase-3




	
Endonuclease G (EndoG)

	
All cells

	
Mitochondria, migrates to the nucleus under apoptosis

	
poly(dG), poly(dC) >> others; ssDNA and dsDNA in chromatin; DNA/RNA heteroduplexes [129]

	
3′OH, 5′P

oligonucleosomes with ds-breaks and internal ss- nicks [129]

	
Mg2+/Mn2+

	
Biphasic pH optima: 9 and 7 [129]

	
Homodimer

	
ββα-Me-finger; normally bound by Hsp70 and CHIP; inactivated with Fe2+ and Zn2+ [129]




	
Extracellular catabolism of cfDNA




	
DNase I

	
Predominantly expressed in exocrine cells in the gastrointestinal tract, salivary glands, and kidneys; endothelial cells

	
Extracellular space

	
5′-T > C >> A,G→3′X; naked dsDNA >> ssDNA; DNA in DNA/RNA heteroduplexes; slight efficacy to chromatin [127]

	
3′OH,5′P

mononucleosomes and tetranucleotides [127]

	
Ca2+, Mg2+

	
6–8

	
Monomer

	
Inactivated with Zn2+ and G-actin




	
DNase IL3

(DNAse γ)

	
Predominantly expressed in the liver and spleen; endothelial cells; macrophages and dendritic cells

	
Endoplasmic

reticulum, nucleus and extracellular space

	
5′ C > T >> A, G→3′X; chromatin

DNA in lipid–membrane particles [130]

	
3′OH, 5′P

mononucleosomes [127]

	
Ca2+, Mg2+

	
6–8

	

	
Inactivated with Zn2+ and heparin; it has a positively charged C-terminal sequence allowing transfer to the nucleus and encapsulation in MVs








1 Source includes only normal cells according to GenBank and Uniprot data, but not tumor cells. 2 X–any nucleotide. 3 P–phosphate group. Abbreviations: dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.
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