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Azvudine (FNC) is a novel cytidine analogue that has both antiviral and anticancer activities. This minireview focuses on its underlying molecular mechanisms of suppressing viral life cycle and cancer cell growth and discusses applications of this nucleoside drug for advanced therapy of tumors and malignant blood diseases. FNC inhibits positive-stand RNA viruses, like HCV, EV, SARS-COV-2, HBV, and retroviruses, including HIV, by suppressing their RNA-dependent polymerase enzymes. It may also inhibit such enzyme (reverse transcriptase) in the human retrotransposons, including human endogenous retroviruses (HERVs). As the activation of retrotransposons can be the major factor of ongoing cancer genome instability and consequently higher aggressiveness of tumors, FNC has a potential to increase the efficacy of multiple anticancer therapies. Furthermore, FNC also showed other aspects of anticancer activity by inhibiting adhesion, migration, invasion, and proliferation of malignant cells. It was also reported to be involved in cell cycle arrest and apoptosis, thereby inhibiting the progression of cancer through different pathways. To the date, the grounds of FNC effects on cancer cells are not fully understood and hence additional studies are needed for better understanding molecular mechanisms of its anticancer activities to support its medical use in oncology.
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Introduction

Despite the best efforts of mankind, cancer remains one of the major causes of death worldwide (approximately 10 million deaths in 2020). Moreover, the proportion of cancer-associated deaths demonstrates a growing trend (https://www.who.int/ru/news-room/fact-sheets/detail/cancer, https://www.who.int/ru/news-room/fact-sheets/detail/the-top-10-causes-of-death). Many effective cancer drugs have been developed over the past decades, although none of them can guarantee to the patient long-lasting survival and protection against relapse (1). Different drugs have different molecular mechanisms, different clinical indications, and different response rates. In addition, cancers can frequently develop drug resistance, thus creating a barrier to effective tumor control (2). This stresses the importance of finding novel cancer treatment approaches, their proper combination, and their personalization (3).

FNC (2’-deoxy-2’-β-fluoro-4’-azidocytidine) (Figure 1) also known as Azvudine is a recently developed cytidine analogue. It is a new experimental drug that has been shown to be active against viruses and retrotransposons with RNA-dependent polymerase enzymes, as well as against cancer cell lines and xenografts in animal models (4–6). Anticancer activities of FNC at least in part can be linked with its inhibition of retrotransposons which had formed about 30-40% of the human DNA (7, 8). The transcriptional activation of retrotransposons including HERVs has been reported to be a consequence of multiple systemic intracellular factors (9) such as the stress response, epigenetic reprogramming, and intracellular pathways triggered by the hormones, growth factors, and cytokines (10).




Figure 1 | 2′-Deoxy-2′-β-fluoro-4′-azidocytidine (FNC) structure.



The expression of retrotransposons and HERVs is tightly controlled in a normal cell with most of the elements being transcriptionally repressed (11). However, in cancer cells due to an overall deregulated epigenetic and transcriptional control, there is a strong transcriptional reactivation of retrotransposons and HERVs, which also play a role of major genomic regulatory elements (12). Many cancer types were shown to be associated with the reactivation of retrotransposons and HERVs: breast cancer (13), prostate cancer (14), melanoma (15), ovarian cancer (16), hepatocelular carcinoma (17), germ cell tumors (18), renal cell carcinoma (19, 20), leukemia (21), glioblastoma (22), and osteosarcoma (23). Retrotransposons can drive tumorigenesis through different mechanisms.

Their life cycle comprises transcription of their genomic copy and further reverse transcription of the respective RNAs, i.e. generation of a cDNA copy on an RNA template (Figure 2A). The reverse-transcribed cDNA then integrates into a new genomic site to generate a new copy of retrotransposon. Most of such copies accumulated mutations and contain, if any, only interrupted/truncated non-functional open reading frames (24). However, there is a fraction of few hundred active human retrotransposons that harbor a functional reverse transcriptase (RT) gene (25) and, therefore, can mediate genomic insertion of new copies (25). Interestingly, most part of the active human retrotransposons is presented by the elements that don’t code for RT but instead utilize for their proliferation reverse transcriptase from the other elements. Indeed, the number of active non-autonomous retrotransposons of the Alu and SVA families is one or two orders higher than the number of autonomous elements with fully functional RT (26). Their functional reactivation in cancer can result in a dramatic increase of retrotransposition events, i.e. generation of their novel genomic copies (27). Interestingly, similar effects were observed also in other long-term stress conditions such as the retroviral infection by HIV (28).




Figure 2 | (A) Schematic representation of retrotransposon/HERV life cycle; (B) Mechanism of FNC-triggered chain termination. The 3′-OH group of FNC is unlikely to be used by polymerases for elongation of proviral RNA synthesis.; (C) Representation of antitumor mehanisms of FNC through multiple molecular pathways. FNC promotes apoptosis by decreasing Bcl-xL and Bcl-2 and activation of caspase-3 which further regulates proteolytic cleavage of many key proteins such as PARP. FNC inhibits the adhesion, migration and invasion of Raji and JeKo-1 cell lines by up-regulating the expression of E-cadherin and GSK-3β proteins and down-regulating the expression of proteins such as β-catenin, VEGF, MMP-2 and MMP-9. Wnt/β-catenin signaling pathway has a crucial position in the development and promotion of a wide variety of cancers. Activated Wnt/β-catenin changing the E-cadherin-β-catenin complex expression is significantly coupled with the invasiveness of tumor cells. FNC is a cell cycle-nonspecific agent which causes G1/S or G2/M phase cell cycle arrest and induces apoptosis. It inhibits cell cycle checkpoint activation (e.g., Cyclin-A binding to CDK2 permits cells to complete S phase and enter to M phase); (D) Graphic Abstract, depicts the possible mechanisms of FNC anticancer and antiviral activities.



It should be mentioned that all human retrotransposons are repetitive sequences presented in the genome by hundreds or thousands of copies (29). They totally occupy nearly 40% of the human DNA and may serve as the substrates for recombination, especially with the newly inserted copies (8). Such recombinations can occur especially frequently in cancers, where DNA repair mechanisms function abnormally (30). These recombinations lead to various genomic rearrangements and gene conversion events, including deletions, translocations, and amplifications (25).

Alternatively, transcriptional reactivation of retrotransposons in cancer can lead to expression of HERV-encoded oncogenic proteins that can influence passing through the cell cycle checkpoints, and possess fusogenic and immunosuppressive activities (31, 32). On the other hand, massive expression of multiple normally-silent retrotransposon copies may result in the appearance of novel antigens that are presented by the major histocompatibility complex (MHC) molecules. The latter can provoke specific immune response (33), which can be a specific anticancer protective mechanism.

Nowadays, there is a growing evidence that the expression of retrotransposons, especially HERVs, is connected with cancer manifestation (17). Moreover, cancer cells with stemness features and expressing HERVs may exhibit sensitivity to antiretroviral drugs treatment (10).

This review focuses on the potential action of FNC to treat aggressive tumors in combination with chemotherapeutic and/or immunotherapy regimens. We consider known and potential mechanisms of action of FNC as the anti-cancer therapeutic and their crosslinks with its antiviral activities.



Structure of FNC

FNC is a recently developed nucleoside analogue (1). Nucleosides consist of a nucleobase and a ribose or deoxyribose sugar residue, thus showing considerable structural similarity to normal nucleotides. FNC is a 4′-C-substituted-2′-deoxynucleoside with a 3′-OH group. It mimics 2′-deoxynucleosides, and its 2′-fluoro substituent improves its stability in acidic media (34). The 4′-C-substituted 2′-deoxynucleosides retain all functional groups of 2′-deoxynucleosides. Thus, FNC can compete with the cellular internally-generated nucleotides for the incorporation into DNA and RNA strands, which results in attenuated nucleotide synthesis, and interferes with cell growth and division (35). The modification in the second position makes viral RNA-dependent polymerases more sensitive to FNC. In this case, the molecule can be incorporated into both RNA and DNA – in the second position it has fluorine, and not the functional group that determines the sugar residue type (36). FNC is also a preferred substrate for deoxycytidine kinase, and it is phosphorylated with up to 3-fold higher efficiency than its prototype, deoxycytidine (36).



Pharmacological Mechanisms of FNC


FNC and Positive-Strand RNA Viruses

FNC was first synthesized in 2009 among many potential therapeutic molecules for screening more specific treatments of the Hepatitis C virus (HCV) (37). It showed up to 125 times greater efficacy than the previously used treatment, and the effect was more selective (38). Since HCV often cause chronic disease that may result in liver cirrhosis or hepatocellular carcinoma, it is important to detect this infection as early as possible to start treatment. The major antiviral mechanism of FNC is thought to be the inhibition of viral replication. When FNC is incorporated into viral RNA newly synthesized by the HCV RNA-dependent RNA polymerase NS5B, it causes preliminary chain termination and, therefore, nonfunctional viral genomic RNA (Figure 2B).

Similarly, RNA synthesis by the RNA-dependent RNA polymerase can be interrupted for other viruses as well. For example, Na Xu et al. (6). showed for the first time that FNC can be used as an effective inhibitor for broad spectrum of human enterovirus (EV) pathogens. With high specificity and efficiency, the nucleoside analog is inserted into the positive or negative RNA strand by EV71 viral RNA-dependent RNA polymerase 3Dpol and results in truncated viral RNAs, as shown by quantitative real-time reverse transcription-PCR (RT-qPCR). The same mechanism is suggested also for the FNC antiviral activity on SARS-COV-2, another virus with the sense single-stranded RNA genome (39).



FNC and Retroviruses

FNC also may function as the nucleoside reverse transcriptase inhibitor (NRTI), being a potentially effective agent for the treatment of retroviral infections. Being preferred targets for cellular nucleotide kinases, fluoronucleosides can serve as the good substrates for RNA and DNA polymerases. The triphosphates of nucleoside analogs compete with the cellular endogenous deoxyribonucleotides for the incorporation into DNA during replication. FNC mimics dN, and both viral and cellular replication complexes can mistakenly include it in the newly synthesized chain. The 3′-OH group of FNC is unlikely to be used by polymerases for elongation of viral DNA synthesis, and may cause immediate chain termination of replication by blocking further addition of nucleotide residues (40). Due to its chemical modifications, FNC is targeted for viral RNA-dependent polymerases, which is why it has low cytotoxicity (6).

To date, FNC is at various stages of clinical and preclinical trials for many infectious agents, and is an approved anti-HIV drug – Azvudine (6). Emerging drug-resistant viral strains as well as long-term toxicity are the main problem in current antiviral chemotherapy (41). Unlike previous NRTIs (e.g., Lamivudine), development of drug resistance against FNC requires different kind of genetic mutations. Thus, FNC could be included in an anti-AIDS treatment pipeline to overcome drug resistance issues with other drugs (42).

In addition to nanomolar activity against NRTI-resistant and multi-resistant HIV strains, it was noted that FNC is extremely potent against HIV-1 wild-type strain without obvious cytotoxicity (43). Azvudine has been also shown to be effective against HIV-2 in vitro (44), and demonstrates a long-lasting inhibition of HIV infection. A possible mechanism has been proposed by Sun et al. (40): in FNC-treated HIV-1 patients, FNC can restore APOBEC3 (A3G) expression in CD4+ T cells. FNC binds to the Vif-E3 ubiquitin ligase complex, enabling APOBEC3 to avoid Vif-induced ubiquitination and degradation. In turn, APOBEC3 may effectively restrict viral replication (45). In addition, FNC showed selective entry and long-term retention in HIV-1 target cells.

Nearly one-tenth of the patients with HIV are also infected with the Hepatitis B virus (HBV) due to a similar transmission path. Importantly, FNC was shown both in vitro and in vivo to restrict proliferation of human and duck hepatitis B viruses (HBV and DHBV, respectively) (46). Moreover, FNC is effective against both wild-type and lamivudine-resistant HBV clinical isolates (47). At the same time FNC showed low cytotoxicity, thus implying acceptable side effects of the treatment. For example, cytotoxicity test on the human hepatoma cell line HepG2 showed that FNC could not cause a 50% reduction of cell viability even at the concentration of 1,000 μM, which is ~200 fold higher than its physiological concentration in some previous treatments (47). Histopathological analysis also demonstrated hepatoprotective effect of FNC – less virus-induced damage to the liver was observed (5).



FNC and Cancer

Cancer cells also can be specifically affected by FNC (Table 1). First, FNC, as an antiviral drug, suppresses the activity of many viruses with oncogenic effects. In addition, as a nucleotide analogue, FNC demonstrates suppression of cell growth and active proliferation of cancer cells, apparently, penetrating the synthesized nucleic acid chain and causing chain termination (49). The sensitivity to antiretroviral drugs treatment for tumor initiating (stem) cells, expressing HERVs, was demonstrated (10).Specifically, HERV-K was implemented in the maintenance and plasticity of CD133-positive melanoma stem cells. As shown by Giovavinazzo et al., treatment of lung adenocarcinoma cells A549 and hepatocarcinoma HepG2 with reverse transcriptase inhibitors such as azidothymidine (AZT) and efavirenz (EFV) decreased clonogenic, cell growth and induce apoptosis. Moreover, there are a lot of side effects on different signaling pathways of the cell, the mechanisms of which require additional research.


Table 1 | FNC nucleoside analogues and cancer.



FNC can suppresses tumor progression by inhibiting adhesion, migration, and invasion of tumor cells in a dose-dependent manner (50). This has been shown in vitro and in vivo for non-small-cell lung cancer (NSCLC) cell line H460, and for two human aggressive non-Hodgkin lymphoma cell lines Raji and JeKo-1. Both series of experiments showed that following FNC treatment the expression levels of MMP-2, MMP-9, and VEGF were suppressed while E-cadherin expression level was increased. Later, Zhang and colleagues (51) also reported increased GSK-3β expression following FNC treatment and concluded that FNC may be considered an effective chemotherapeutic agent by regulating the invasion and metastasis of aggressive non-Hodgkin lymphomas via inhibition of the Wnt/β-catenin signaling pathway.

Most of the studied aspects of FNC effect on cancer cells occur in a dose- and time-dependent manner. It is thought to inhibit cell growth by suppressing expression of CDKN1A, PML, TP53INP1, TNF, SPN and LST1 proteins (4). FNC also regulates the cell cycle. It may cause cell cycle arrest of a different period at different concentrations. The gene expression assay showed that PRNP, TP53INP1, PRKAG2, SESN2, SESN3, ERN1, CDKN1A, PML and TCF7L2 genes are linked with the cell cycle arrest in the G1/S or G2/M phase (4). FNC can also influence gene expression through the regulation of DNA methylation (50).

The growth and development of a tumor are regulated not only by the activity of proliferation and the rate of cell growth but also by the intensity of apoptotic processes. FNC was reported to induce apoptosis by triggering both the cell death receptor-mediated extrinsic pathway (4), and mitochondrial apoptotic pathway (50) for different types of cancers. In the first case, FNC treatment significantly increased the protein expression of Fas, FasL and TNF-α. In addition, Zhang et al. (4) found that FNC treatment also affects expression levels of some other genes that play a role in the apoptosis: CDKN1A, PML, BIRC3, CASP10 and TNF-α. In the second case, treatment of H460 cells with FNC inhibited Bcl-2 expression and potentiated Cytochrome C (Cyt-C) release, Bax and caspase-3 expression.

Modulating the immune system may be another important anti-tumor mechanism of FNC and should be investigated. In a study comparing the gene-expression profiles with and without FNC treatment, significant changes in the expression of several genes associated with immunity were shown. The co-stimulatory signal during T-cell activation and genes associated with IL-2, IL-4, IL-7, IL-10 pathways has been shown based on Biocarta (4). In addition, some HERVs have proven effects on the immune system too: protein products of the translation of retroviral sequences, for example, the Gag of the HERV-K gene, affect the interaction of cancer cells with the immune system (14, 19). Retroviruses’ activity and metabolites, secreted by tumor microenvironment, inducing immunosuppressive activity along with other properties of the stem of cancer cells (10). HERVs also induces local immune checkpoint activation (19). Therefore, suppression of retroviral activity by FNC can lead to an increase in the effectiveness of immunotherapeutic strategies. Actually, targeting of the HERV-K envelope protein by CAR-T cells has already been reported as a potential immunotherapeutic approach for melanoma and other tumors (52).

Those pleiotropic effects of FNC on the cell growth, cell cycle arrest and apoptosis can be mediated by the independent reasons, or by the common functional nodes. For example, PML and CDKN1A are related to all the above processes (4). This suggests that FNC could be a potent pleiotropic molecule for treatment of multiple pathological conditions in cancer (Figure 2C). However, those studies may be considered fragmentary as they don’t provide comprehensive high-throughput gene expression analysis connected with the FNC effects. Therefore, a series of more in-depth studies of the FNC molecular mechanism of action on the cell cycle and apoptosis will be critical to support its potential applicability in cancer therapy.

Thus, FNC can inhibit adhesion, migration, invasion, and proliferation of tumor cells, is involved in the cell cycle arrest, immune system process and apoptosis, thereby suppressing the progression of cancer. Therefore, FNC may affect the occurrence and development of tumors through multiple molecular pathways. For most of these processes, it has been shown that the impact of FNC occurs in a dose- and time-dependent manner.

The effectiveness of FNC has been already demonstrated in vitro and in vivo for the cell lines of NSCLC and lung adenocarcinoma (50), non-Hodgkin lymphomas (49), acute myeloid leukemia (1), and for mouse xenograft models of hepatocarcinoma (H22), sarcoma (S180), and gastric carcinoma (SGC7901) (1).

At the same time, FNC has demonstrated relatively low toxicity. For example, in the experiments with mantle cell lymphoma in SCID mice (4) the low- and medium-dose FNC groups did not demonstrate significant body weight loss compared to the negative control group. Further histopathological examination of the liver and kidney tissues revealed no signs of drug toxicity.




Clinical Trials of FNC

FNC has nanomolar activity against NRTI-resistant and multi-resistant HIV strains. This is most probably due to different mutations involved in the viral resistance against previously used NRTIs, and FNC. Indeed, Wang et al. analyzed HIV strains resistant to FNC-, or previous generation NRTI (3TC – lamivudine), and found that in 3TC-resistant viruses the dominant mutation was M184V (valine replacing methionine at position 184 in the reverse transcriptase gene), which was detected in only ~2% of FNC-resistant strains (44). FNC-resistant clones, in turn, had increased M184I mutation rate (44).

In a trial “Azvudine vs HIV-infection/AIDS, phase II (NCT04109183)”, FNC was administered in the form of a tablet medicine. This was a phase II multicenter, randomized, double-blind, double-simulation, positive control trial with 172 participants. The subjects were randomized to the treatment group of 3TC (positive control) or different doses (from 2 to 4 mg per tablet) of FNC. The background drugs (reverse transcriptase inhibitors therapy) were Efavirenz and Tenofovir disoproxil fumarate. FNC showed no serious adverse effects, exhibited desirable pharmacokinetics, and met the efficacy endpoints (39), thus forming the basis for the third phase trials.

One of such trials has started in March 2020 by HeNan Sincere Biotech in China (Phase III Clinical Study of Azvudine in Hiv-infected Treatment Naive Patients, NCT04303598). Based on the results of the previous phase, the optimal dose of 3 mg tablet of active ingredient was chosen. This is a randomized, double-blind, double-simulated, active-controlled phase III trial with 720 participants enrolled evaluating the efficacy and safety of Azvudine combined with tenofovir fumarate and efavirenz in HIV-infected treatment naive patients. FNC in combination therapy is compared with 3TC, estimated completion date is August 2022.

Alternatively, the third phase clinical trial evaluating the use of Azvudine against SARS-COV-2 started on April 2021 and was estimated to be completed in December 2021. FNC has been successful against this infection in preclinical trials (53). Later on in a randomized, open-label, controlled clinical trial of FNC in the treatment of mild and common COVID-19 (a Pilot Study) it was found that FNC treatment of mild and common COVID-19 patients may shorten the time of nucleic acid negativity conversion versus standard antiviral treatment according to the “Diagnosis and treatment program trial version 5 (or 6) guidelines” issued by the National Health Commission of China. The term was reduced by an average of 4.5 days. During phase 1 of the trial, the climbing testing showed that 6 mg of FNC was still a safe dose, and a dose of 5 mg per day was chosen for further evaluations. No drug-related adverse effects were observed in patients treated with FNC versus ~30% after treatment with standard antiviral drugs (53).



Conclusion

Taken overall, FNC is a novel nucleoside analogue that has both antiviral and anticancer activities (Figure 2D). It is an effective drug for viruses like HCV, EV and SARS-COV-2 with a positive strand RNA genome. On the other hand, it belongs to the nucleoside reverse transcriptase inhibitors (NRTIs) group and may suppress HIV and most probably other reverse transcriptase containing viruses and transposable elements, including retrotransposons and HERVs. Finally, FNC shows considerable anti-cancer activity, which theoretically can be due to both cell cycle attenuation and the suppression of retrotransposons/HERVs. Whether these effects can be improved by the possible combination of FNC treatment with TK/Gancyclovir or 5FC/CD prodrug systems need to be evaluated. However, basic mechanisms which laid a foundation for FNC application are not fully understood, and additional studies are needed to elucidate the FNC activities in cancer and healthy human cells to support its medical applications other than treating viral infections.
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