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Cancer is a significant health hazard of the 21st century, and GLOBOCAN predicts increasing cancer incidence in the coming decades. Though several conventional treatment modalities exist, most of them end up causing off-target and debilitating effects, and drug resistance acquisition. Advances in our understanding of tumor molecular biology offer alternative strategies for precise, robust, and potentially less toxic treatment paradigms for circumventing the disease at the cellular and molecular level. Several deregulated molecules associated with tumorigenesis have been developed as targets in RNA interference (RNAi) based cancer therapeutics. RNAi, a post-transcriptional gene regulation mechanism, has significantly gained attention because of its precise multi-targeted gene silencing. Although the RNAi approach is favorable, the direct administration of small oligonucleotides has not been fruitful because of their inherent lower half-lives and instability in the biological systems. Moreover, the lack of an appropriate delivery system to the primary site of the tumor that helps determine the potency of the drug and its reach, has limited the effective medical utilization of these bio-drugs. Nanotechnology, with its unique characteristics of enhanced permeation and better tumor-targeting efficiency, offers promising solutions owing to the various possibilities and amenability for modifications of the nanoparticles to augment cancer therapeutics. Nanoparticles could be made multimodal, by designing and synthesizing multiple desired functionalities, often resulting in unique and potentially applicable biological structures. A small number of Phase I clinical trials with systemically administered siRNA molecules conjugated with nanoparticles have been completed and the results are promising, indicating that, these new combinatorial therapies can successfully and safely be used to inhibit target genes in cancer patients to alleviate some of the disease burden. In this review, we highlight different types of nano-based delivery strategies for engineering Nano-RNAi-based bio drugs. Furthermore, we have highlighted the insights gained from current research that are entering the preclinical evaluation and information about initial clinical developments, shaping the future for next generation cancer therapeutics.
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INTRODUCTION
With the growing global burden and economic impact, cancer has become the most significant public health challenge of this century. Cancer, an exemplar of deregulated genetic function, arises from a complex interplay of genes and their products. Conventional therapeutic regimens include surgical resection, chemotherapy, radiotherapy, and anticancer drugs or a combination of all these. Despite the fact that these treatment approaches have increased the overall patient survival for many cancers in their early stages, the lack of specificity, off-target effects, and acquisition of drug resistance stand as a hindrance in the path of considering these treatment methods as effective and patient-friendly. The significant distress caused by these side effects in patients is often a leading impediment in the course of adopting these as mainstream treatments. With the identification of several novel molecules, their mechanisms and pathways involved in cancer, it has become even more imperative to further distinguish and isolate the molecules which could help in the management of the disease.
Recently, much attention has been paid to the development of cancer therapeutics based on RNA molecules. RNA interference (RNAi), a process that involves sequence-specific gene silencing, is an endogenous post-transcriptional regulation process that consists of non-coding RNAs like microRNAs (miRNAs), small interfering RNAs (siRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), which target and silence messenger RNAs (mRNAs) in a sequence-specific manner (Chalbatani et al., 2017). With the added benefit of simultaneously targeting multiple genes that share homology, RNAi is fast, economical, and has the potential for site-specific targeting. The primary role of RNAi in cells would be to downregulate the expression of their target gene and thereby the encoded proteins thus bringing about the desired results (Mahmoodi Chalbatani et al., 2019). Through careful sequence selection and synthesis of tailored non-coding RNAs (ncRNAs), this powerful approach could be used to circumvent conventional cancer therapy limitations, thus paving the way for next generation therapeutics (Lorenzer et al., 2015).
The in vitro experimental data obtained using RNA interference has shown promising results, demonstrating its feasibility to be taken from bench to bedside. Though advantageous in in vitro scenario, several impediments lie on its path in achieving gene silencing in vivo and making gene therapy a reality. The major hurdles being instability of RNA molecules, its low transfection efficiency and half-life, lack of site-specific targeting and distribution in the target tissue, heterogeneity of the tumor, etc. add up to the challenges of onsite delivery of drugs using RNAi. The unique characteristics of nanoparticles have enabled researchers to successfully demonstrate them as efficient chaperones for the delivery of RNAi molecules to the primary site of the tumor. Nanoparticles usually exist as particulate dispersions or solid particles with sizes ranging between 10–1,000 nm (Nagal and Singlab, 2013). Their enhanced permeability and retention (EPR) effect, capacity to prevent RNAi molecules from undergoing enzymatic degradation, and transportation efficiency across the cell membrane make them a perfect carrier of RNAi molecules for targeted therapy (Xin et al., 2017). The conjugation of nanocarriers with the RNAi molecules widely opens the door to targeting mediators in cancer progression, identifying molecular targets, and engineering delivery vehicles conjugated with DNA/RNA as therapeutic devices, thus representing an ideal approach. Currently, a small number of Phase I clinical trials with systemically administered ncRNA molecules conjugated with different nanoparticles as delivery vehicles are already complete, indicating that these new therapeutics can safely inhibit targeted gene products in patients with cancer. In spite of elucidation of the immense potential of RNAi in cancer therapy in many explorative research trials, there is still a long way to go for successfully translating this exciting result from bench to bedside.
In this review, we discuss the importance of harnessing ncRNAs as next generation cancer therapeutics. We also discuss critical delivery strategies that are based on nanoparticles and the parameters to be considered for RNAi-based drug development. Furthermore, we have highlighted the insights gained from current research that are entering the preclinical evaluation and information about initial clinical developments, shaping the future for RNAi-based therapeutics in cancer.
DEBILITATING EFFECTS OF CHEMOTHERAPY AND THE NEED FOR NOVEL STRATEGIES
The practice of using chemicals to reduce the burden of cancer saw its beginning in the early decades of 20th century and has continued to treat this disease over the years. While surgery and radiation therapy were leading the cancer treatment, their failure to target inoperable metastatic lesions placed chemotherapy at an advantageous position. Therefore, most of the times an evidence driven choice was made to use a combination of these three modalities to induce remission of cancer (DeVita and Chu, 2008). While chemotherapy had become the standard care in numerous cancers, the ill effects of the chemicals on multiple organ systems of the body were also well known. The debilitating after effects and overall decreased quality of life that patients endure, directed research interest towards innovating novel strategies that are equally, if not more, effective as chemotherapy while being better tolerable by the human body (Gegechkori et al., 2017; Pearce et al., 2017).
Chemotherapy is harmful due to the lack of specificity and patients placed under any chemotherapeutic regimen report dissatisfaction due to undesired symptoms generated. It is also often an added factor for depression and anxiety in patients diagnosed with cancer (Niedzwiedz et al., 2019). Subjects placed on chemotherapy experience side effects that can range from mild (nausea, vomiting and diarrhea) to life threatening (cardiomyopathy with decreased ejection fraction, development of secondary malignancies such as leukemias) after effects. These can arise during the treatment phase (long term effects) or years later (latent effects) (Stein et al., 2010). Chemotherapy regimen places patients in a loop wherein for minimizing adverse effects of one drug, they will be forced to take additional drugs and the cycle continues, often affecting their mental health and emotional state (Pearce et al., 2017). Pregnancy is another physiological state where chemotherapy is deemed unsafe and the detrimental effects include intrauterine growth restriction, limb anomalies and stillbirth etc. (Koren et al., 2013).
Chemotherapy affects rapidly dividing cells without differentiating the neoplastic and non-neoplastic cell. Gastrointestinal tract, germ cells, hematopoietic cells and hair follicles are prime targets, considering their replicative potential (Agarwal, 2016). Nonspecific targeting of gastric mucosal cells presents as diarrhea (immediate onset and late onset) is common with drugs like topoisomerase II inhibitors (irinotecan, topotecan), 5-Fluorouracil, taxanes (docetaxel/paclitaxel), antibodies against epidermal growth factor receptors and calcineurin inhibitors. Though there are treatment options like opioid based formulae and somatostatin analogs that are used to alleviate the pain and discomfort caused due to chemotherapy, these drugs too present with their very own set of side effects (Rock and Kono, 2008).
Meiotic cells are also affected by chemotherapy and this raises concerns about fecundability in female (often resulting in premature ovarian failure) and male subjects alike. While ovarian follicles and the endocrine axis are disrupted in females, males have diminished semen quality with spermatozoa that are low in number and/or of poor quality. Secondary sexual characteristics are affected in pubertal and prepubescent children undergoing chemotherapy which has an impact on their self-confidence (Vakalopoulos et al., 2015; Waimey et al., 2015; Poorvu et al., 2019). Chemotherapy induced alopecia is reported in numerous clinical and standard of practice trials which are considered a distressing effect as it affects the emotional state and body image of subjects (Saraswat et al., 2019). Hair loss is observed on the scalp, axillae, groin and all over non-glabrous skin surfaces which indicates the effects chemotherapy has on vellus and terminal hairs in a non-specific manner (Muth, 2017). Chemotherapy has an impact on childhood cancer subjects to an extent of impacting self-esteem in over two thirds of them and inducing significant stress among their parents. Chemotherapy in children in certain cases invalidates their germ cells and gonads resulting in decreased fertility and the psychological impact this creates often needs anticipatory counseling in their adolescence. Understanding the pathophysiology of chemotherapy induced alopecia to a certain extent has led to the use of techniques and medications such as hypothermia, YHO618 to minimize hair loss and improve hair growth but substantial research still needs to be done as no prevention and treatment guidelines are currently in place (You et al., 2019; Rossi et al., 2020).
Nervous system impact in subjects undergoing chemotherapy is well studied and includes impact on the central and peripheral nervous system manifesting as cognitive dysfunction, neuropathy and mental health concerns (Stone and DeAngelis, 2016). Chemotherapy results in a variety of neurological complications that include mood disorders, seizures, memory impairment ocular toxicity, ototoxicity and uncertain effects when there is unspecified neuro-degeneration (Yang and Moon, 2013). Peripheral neuropathy is well noted with a variety of chemotherapeutic drugs like paclitaxel, vincristine, bortezomib and cisplatin. As the peripheral nervous system includes nerves constituting the autonomic and enteric nervous systems, effects such as gastroparesis and orthostatic hypotension can be observed post chemotherapy. These neurological effects have been understudied and the mechanisms and their prevention or treatment is limited (Zajaczkowską et al., 2019; Loprinzi et al., 2020).
Secondary malignancies are encountered years after chemotherapeutic regimens and drugs that are known to have such effects include alkylating agents (cyclophosphamide, ifosphamide, nitrogen mustards, melphalan), daunorubicin and doxorubicin. A life-long follow up is recommended to screen for the development of leukemias and lymphomas which are the most common secondary malignancies (Vega-Stromberg, 2003). The risk of secondary malignancies is higher in subjects placed on chemotherapy independent of irradiation status indicating the impact chemotherapy has on cells and their replicative potential (Nutalapati and Jain, 2018). Chemotherapy impacts essential organ systems, overall quality of life, causes functionally impairing fatigue, distorts body image and self-esteem, compromises fecundability and with the risk of unpredictable secondary malignancies.
Therefore, there is an imminent need to replace chemotherapy with biological therapies. With the advent of various next generation technologies in genomics, transcriptomics, proteomics and high throughput data analysis, the molecular path to next generation drugs has been set in. One of the promising technologies is in the area of non-coding RNA based drugs that are considered to be next generation molecules in the field of molecular medicine. These molecules are classified as miRNAs, lncRNAs and circRNAs etc. They can act independently or in co-ordination with circular endogenous RNAs (ceRNAs) to bring about the regulation of genes. MicroRNAs (miRNAs) are short 22–25 nt non-coding RNAs that regulate a wide array of biological process including carcinogenesis. These molecules have revolutionized the field of cancer ever since their discovery as they have the capability of silencing multiple targets involved in one or different pathways thus bringing about a co-ordination among large oncogene regulatory networks. These miRNAs (miRs) are known to be deregulated in different stages of cancer development as they are known to regulate the expression of genes involved in onset and development of tumors, and such miRNAs are called oncomiRs. Thus these molecules along with numerous agents that can efficiently be part of molecular targeted therapy are being developed that can target cellular processes, such as angiogenesis, signal transduction, cell cycle regulation, apoptosis induction, protein translation, and metastases (Rishabh et al., 2021). To enhance the likelihood of achieving a positive response to this targeted therapy, further studies have to be done to understand the precise molecular mechanisms of cancer in each patient, then carefully designing bio-drugs to deal with the situation paving the way for personalized cancer therapeutics.
RNA INTERFERENCE AND ITS APPLICATIONS IN VARIOUS CANCERS
RNA Interference: An Introduction
RNAi is an evolutionary, endogenous, conserved, post-transcriptional, gene silencing pathway that involves double-stranded RNA-mediated degradation of mRNA. Usually mediated by small RNA molecules like siRNAs, lncRNAs, miRNAs, ceRNAs; RNAi in eukaryotes initiated by the RNase III enzyme called DICER that cleaves long double-stranded RNAs (dsRNAs) into mature small interfering RNAs (siRNAs) with an overhang at the 3’ end. Constituting a passenger strand and a guide strand, siRNAs are incorporated into the RNA Induced Silencing Complex (RISC), where the guide strand complement pairs with the target mRNA sequences and initiates endonucleolytic cleavage through the action of induced Argonaute protein (Borges and Martienssen, 2015). Among these, miRNAs are well studied and known regulators of gene expression in various cellular processes like cell development, differentiation, apoptosis, and proliferation (Hutvágner and Zamore, 2002). The disruption of miRNAs and their cellular functions has been reported to be responsible for the initiation and progression of various cancers and other fatal human ailments. Though their functions are elucidated as oncogenes and tumour suppressors, the complete function of miRNAs, especially in humans, is not fully understood. Thus the function of RNAi and its biological significance within the organism’s body in which it is present is also a mystery to the scientific world. The accurate and expeditious nature of RNA interference technology makes it a popular strategy to learn the gene expression of various organisms. Loss of function studies and systemic RNAi-based genetic screens performed on organisms like plants, C. elegans, and drosophila highlighted the role of this technique in functional genomics. The fact that transfecting mammalian cells with long dsRNAs induced interferon response leading to global gene silencing and, consequently apoptosis, hindered the use of RNAi in mammalian cells in the earlier stages. This was at a time when the structures of these molecules were not elucidated. However, chemical synthesis of siRNA molecules specific to mRNA targets in later years has enabled efficient targeting and silencing of a particular gene, leading to the widespread use of the same in mammalian cells (Karagiannis and El-Osta, 2005).
RNAi and Cancer
With a complex etiology, cancer cells with their characteristic lesion often resemble their normal counterparts except for the difference in a series of genetic alterations (Wilda et al., 2002). It is well known that the mutations in the gate keeping genes are the ones that give rise to tumorigenesis in the first place. Subsequent mutations in different genes that belong to cellular oncogenes (c-onc), viral oncogenes (v-onc), tumor suppressor genes (TSG) classes also cause tumor initiation and progression. Different experimental approaches have been used to compare tumor cells with normal cells and have shown that deregulation of a set of non-coding RNAs (ncRNAs) that might be acting as a master switch, might be vital in their differences. The earliest example of a non-coding RNA involved in cancer was the H19 gene (Hao et al., 1993). Cellular oncogenes usually encode various proteins like growth factors and their receptors, signal transducers, and transcription factors associated with tumor initiation and progression. The downregulation of the K-Ras gene through the RNAi pathway is among the first RNAi-mediated deregulations discovered. The silencing of the K-Ras gene, was found to trigger anchorage-independent growth and thus tumorigenesis (Brummelkamp et al., 2002). Various other cellular oncogenes that code for Bcl-2, CDK-2, Mdm-2, PKC-α, TGF-β1, H-Ras, VEGF, and GFP proteins are cognate targets for siRNAs, effectively leading to suppression of cancer cell proliferation. Viral oncogenes, integrated into the host genome through DNA and RNA viruses, are also found to be regulated by RNAi. In cervical cancers and hepatocellular carcinomas (HCC) that are caused by HPV and HBV viruses, respectively, these viral oncogenes turn out to be the target for cancer treatment (McCaffrey et al., 2003; Yoshinouchi et al., 2003). Belonging to the tumor suppressor gene prototype, Retinoblastoma protein (RbP) is found to undergo somatic inactivation in various cancers. In order to study RbP in cancer, components of the dE2F/dDP/RBF pathway were silenced by RNAi, and a remarkable division of labor between family members of this pathway was analyzed through examination of gene expression changes (Agami, 2002). DNA damage-based biological response is usually governed by the effectiveness of DNA repair processes called the checkpoint cell cycle responses and induction of processes that favor or inhibit pathways leading to apoptosis of the cell. The viability of the cell may not be affected by the defects in DNA repair enzymes, but it can lead to genomic instability, and thereby enhancing the rate of genetic changes and thus the rate of tumor formation. Suppression of Rad51 gene, a DNA damage repair gene, by RNAi method, elucidated the role of the same after both endogenous and exogenous double-strand break formation. This was complemented by mutating SPO11 and MRE11 proteins (Takanami et al., 2003). RNAi-based functional genomic approaches have also enabled the identification of chromosomal DNA degradation mediating nucleases like CPS6 and NUC1. siRNAs developed against the ATR gene have also been in use to analyze its role in checkpoint responses, along with p53 binding protein. These have turned out to be a significant target in clinical application since then (Cortez et al., 2001; Morales et al., 2003).
During invasion and metastasis, tumor cells can undertake either single-cell locomotive or cohort migration strategies. The membrane-anchored glycoprotein RECK inhibits tumor metastasis and angiogenesis by negatively regulating matrix metalloproteinases (MMPs). RNAi-mediated inhibition of RECK in CL-1 human lung cancer cells exterminated the inhibitory effect of trichostatin A (TSA), and HDAC inhibitor, on MMP-2 activation (Liu et al., 2003). RNAi studies done on MDA-MB-231 human breast cancer cells showed the overexpression of CXC chemokine receptor-4 (CXCR4) could be controlled by knockdown of the gene and thereby metastasis. Matrix metalloproteases MMP-9 and cathepsin B promote invasion and metastasis of gliomas through matrix degradation. Studies showed that the suppression of gene expression of these proteins is caused due to short hairpin RNAs in SNB19 cells, leading to a significant reduction in cell-cell interaction of human microvascular endothelial cells (Lakka et al., 2004).
Angiogenesis is a major contributor to the development and growth of cancer. Various proteins involved in angiogenesis have been targeted by RNAi technology. The angiogenic factor VEGF is regulated by the interaction of its GC-rich motif with that of Sp protein. RNAi-based studies have been done on Sp proteins to analyze their role in the regulation of VEGF. Sequential knockdown of the Sp1, Sp3, or Sp4 gene with the help of siRNA showed that all three proteins regulated transactivation in pancreatic cancer cells transfected with the pVEGF1, pVEGF2, and pVEGF3 constructs containing VEGF promoter inserts. This indicates that Sp1, Sp3, and Sp4 cooperatively regulate VEGF expression in tumor cells (Abdelrahim et al., 2004). Another molecule that regulates the function of VEGF is HIF. RNAi approach has been used successfully to determine functional differences between HIF-1α and HIF-2α in different human cell lines (Warnecke et al., 2004). HIF-1α knockdown in cervical cancer cell lines reduced hypoxia-induced mRNA stimulation of glucose transporter 1 GLUT1, lactate dehydrogenase A (LDH-A), VEGF, carbonic anhydrase IX (CA IX), and HIF prolyl hydroxylase 2 (PHD2) by 40–60%. In contrast, HIF-2α knockdown had no effect on these HIF target genes. Tie-2 is a small molecule inhibitor of endothelial cell-specific tyrosine kinases, which, when interrupted by RNAi, make endothelial cells lose their viability. This was further investigated and found to be due to AKT signaling inhibition, leading to increased thrombospondin expression (Niu et al., 2004). The tumor growth occurs due to the imbalance between cell proliferation and apoptosis. The livin gene expressed in numerous cancers is found to have an anti-apoptotic function. A study based on vector-based livin-siRNAs plasmid found that it silenced endogenous livin gene expression through association with caspase-3 activation, thus, in turn, enhancing apoptotic rate (Crnkovic-Mertens et al., 2003). Bcl-2 and xIAP are other anti-apoptotic factors. Studies showed that the sensitivity of MCF-7 breast cancer cells to treatment with the drugs etoposide and doxorubicin is increased after silencing of Bcl-2 or xIAP by siRNA (Lima et al., 2004). RNAi is developing from a powerful tool utilized to elucidate the function of novel genes to a potential therapeutic modality in cancer therapy. Further research is needed to understand and unravel the precise mechanism, by which RNA interference modulates gene expression inside the body, especially during cancer, and to exploit this powerful tool and use it to its full potential.
RNA MOLECULES AS NEXT-GENERATION THERAPEUTICS IN CANCER
With the development of novel therapeutic strategies like gene silencing and genome editing, diverse RNA molecules have come to the forefront as potential therapeutic molecules (Fire et al., 1998; Cong et al., 2013; Mali et al., 2013). The fact that they can interact with all the major biological molecules like DNA, RNA, and protein led to the idea of RNA therapeutics, which is now the primary reason for the expansion in the range of druggable targets, including conventional proteins and previously undruggable transcripts and genes. Basically, RNA can take up three different roles in therapy. Firstly, RNAs can form oligonucleotide molecules called aptamers that can bind to the extracellular, cell surface, or intracellular proteins targeted by small molecule drugs thus bringing about silencing (Gragoudas, 2004). Secondly, siRNAs, miRNAs, and their mimics/knockdown molecules can target specific mRNAs leading to gene silencing or control of gene expression for treatment of diseases. Thirdly, mRNA molecules can be transfected in the cells where they can get translated into protein and thus be a part of vaccination or protein replacement therapy (Sahin et al., 2014; Lieberman, 2018). Though scientists knew that the transcription of many genes in eukaryotic cells are repressed, genes are transcribed into mRNA that never gets translated, post-transcriptional mechanisms are in place to add another level of control over this already existing complex system, identification of the function of these endogenous and exogenous molecules revolutionized the way gene expression can be manipulated (Christopher et al., 2016).
MicroRNA
MicroRNA plays a significant role in gene regulation transcriptionally and translationally. The fact that one miRNA can compromise the expression of several different target genes simultaneously indicates that it has a very different role in pharmaceutical targeting when compared to siRNAs. Ambros and colleagues discovered the first miRNA lin-4 in 1994 (Lee et al., 1993). As an extension to this discovery, various other miRNA molecules like let-7 were identified and were observed to perform sequence-specific RNA-RNA interaction with mRNA, leading to inhibition of gene expression (Rawoof et al., 2020). These non-coding RNA molecules were found to possess highly conserved nature suggesting that these molecules are essential gene regulatory factors. Hsa-miR-15a and miR-16–1 were the first cancer-related miRNAs discovered. These were tumor-suppressing miRNAs found in chronic lymphocytic leukemia that induced apoptosis through repression of the Bcl-2 gene (Calin et al., 2002). Further studies on the deletion of miR-15 and miR-16–1 cluster in mice recapitulated chronic lymphocytic leukemia-associated phenotypes observed in humans. This convincingly demonstrated that these two miRNAs are crucial for tumor suppression (Klein et al., 2010). Hsa-miR-143 and miR-145 are often found deregulated in lung cancer, resulting in decreased expression of both miRNAs. The abnormal expression of certain miRNAs can also be due to the deregulation of various transcription factors like c-Myc and p53. c-Myc is found to repress the transcriptional activity of tumor-suppressive miRNAs like miR-15a, miR-26, miR-29, miR-30, and let-7, thus setting in proliferation (Chang et al., 2008). Tumor suppressor gene p53, on the other hand, positively regulates the expression of various miRNAs like miR-34, miR-605, miR-1246, and miR-107.
The failure of chemotherapy in cancer has paved the way for development of miRNA molecules as therapeutic targets, especially for patients with drug resistance issues. The fact that there exists an alteration in the expression of these miRNAs in cancer makes it possible to manipulate miRNA expression in such tumor tissues. These manipulations are often facilitated by injecting miRNAs similar to the use of antisense mRNAs. By identifying signature miRNAs, their mechanism of action in cancer, and strategies to attain this miRNA molecule delivered at the target, miRNA therapeutics can be applied more efficiently in cancer therapy and thus would emerge as a novel therapeutic tool (Kumar et al., 2020).
Long Non-coding RNA
After the discovery of the first long non-coding RNA (H19) associated with a tumor, several ncRNAs have been identified, implicated to have functions in different cancers. These ncRNAs usually constitute small and long ncRNA, and some of these long ncRNAs can even give rise to miRNAs (Metzler et al., 2004; Eis et al., 2005). Recent studies have revealed the role of lncRNA in cancer development and in maintaining the hallmarks of cancer. This is mainly by virtue of their ability to interact with the major biological molecules like DNA, RNA, and protein, or even a combination of them. LINE-1, HERV, Satellites, and TERRA are specific lncRNAs that can contribute to disease progression through immune response activation. Other than this, LINE-1 is also found to support chromatin formation. TERRA, on the other hand, supports alternative lengthening of telomeres (Parasramka et al., 2016). Highly upregulated lncRNA in liver cancer (HULC) is a molecule that has a prominent role in the early stages of cancer progression. The binding of the promoter region of HULC to that of CREB protein is found to activate an autoregulatory loop involving HULC and miR-372, which further leads to phosphorylation of CREB and thus the chain of similar events (Wang et al., 2010). HULC also promotes HCC proliferation by targeting and suppressing p18 and IGF2BP1 (Hämmerle et al., 2013). Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) is another lncRNA upregulated in HCC and non small cell lung carcinoma (NSCLC) cells that is associated with the alternative splicing of various precursor mRNAs (Ji et al., 2003; Schalken et al., 2003; Lee et al., 2011; Lai et al., 2012). Detection of certain lncRNAs in body fluids and serums has propounded the idea of using these molecules as cancer biomarkers. Plasma levels of HULC are higher in patients with HCC when compared to healthy humans. PCA3 is a prostate-specific lncRNA found usually upregulated in patients and thus is used as a biomarker (Lee et al., 2011). Prostate-Specific Gene 1 (PCGEM1), small dendritic non-translatable RNA BC1, and DD3 ncRNA genes are also over expressed in prostate tumors compared to normal and primary tumor specimens. DD3 is an ideal molecule for cancer therapy as it has not been detected in any of the healthy tissues like breast, bladder, testis, gastrointestinal organ, and musculoskeletal tissue (Schalken et al., 2003). Similarly, BC200 ncRNA, a brain-specific small cytoplasmic RNA, is found to be expressed in cancers like breast, cervix, esophagus, lung, ovary, parotid, and tongue though absent in healthy individuals (Chen et al., 1997).
Circular RNA
The circRNAs are functional non-coding RNAs that lack 3’ and 5’ ends, existing as circular transcripts. Expressed tissue specifically, these transcripts, identified to be coded by thousands of genes, were till recently considered aberrant spliced by-products. Nigro and colleagues in 1991 identified the first circRNA in mammalian cells (Nigro et al., 1991). They observed the transcript of the DCC tumor suppressor gene to lack 3’ and 5’ end and existed as circular molecules. They termed it as scrambled exons. With the development of high-throughput sequencing and bioinformatics pipelines, the identification of more and more circRNAs became accessible in the past decade (Santer et al., 2019). The most frequently described function of circRNAs is that of sponging. With one circRNA having the ability to target more than one miRNA, these non-coding RNAs bind to miRNA molecules and prevent them from binding onto its canonical targets. The circRNA CDR1as have more than 70 conserved binding sites for miRNA-7 (miR-7), inhibiting its activity (Memczak et al., 2013). Studies in liver cancer showed that circHIPK3 was upregulated and could sponge at least nine different tumor suppressor miRNAs with a total of 18 potential miRNA-binding sites (Zheng et al., 2016). Some of the circRNAs were found to have the protein-interacting ability. Circular RNA, circ-FOXO3 is one of them, with expression levels negatively correlating with cell proliferation, inhibition of circ-FOXO3 function promoted cell proliferation, whereas overexpression repressed cell cycle progression (Du et al., 2016). Though numerous challenges are there on the path of knocking down this circular transcript, various gain and loss of function experiments are being conducted that can elucidate the function of circRNAs. The success of such research will decide the potential of using circRNAs as diagnostic and therapeutic tool for clinical application.
Eventhough we celebrate the potentiality of RNA interference, there are immense challenges to be overcome to take this from bench to bedside. The RNAi molecules being negatively charged, their capability to get infused through a cell membrane and to stay stable in the cellular matrix is questionable. Though studies that anchor on increasing the half-life of these molecules in the serum through chemical modification exist, the chance of them becoming immunotolerant inside an organism's body is meager. Thus, the development of carrier molecules that is in nanoscale, which can stay undetected or are pH-sensitive, is required for the development of RNAi to a potent therapeutic molecule. With the advancement in nanotechnology and its application in medicine and pharmaceutical companies, more and more molecules are being experimented for stable and safe delivery into the target tissue.
NANOTECHNOLOGY BASED DELIVERY SYSTEMS FOR RNA INTERFERENCE
The advent of gene therapy in clinical realm has facilitated the use of nucleic acids or oligonucleotides like plasmid DNAs, small interfering RNAs, short hairpin RNA etc. in therapeutic approaches, opening a new paradigm for treating wide range of genetic, innate and acquired diseases including cancer. A comprehensive approach in the oligonucleotide delivery deals with two major aspects. Firstly, to assimilate the oligos into a type of carrier that helps determine their precise morphology, tissue distribution, half-lives and other biological interactions, and secondly, to attempt the possible modifications in the nucleotide itself, say with a targeting ligand without altering the nature of the conjugate (Juliano, 2016). In order to address the complications associated with therapeutic intervention, efforts are being made to comply homeostasis within the therapeutic findings and shell out the prospects of desired outcomes. Drug delivery is a crucial part of treatment having its own attributes and advantages. However, regardless of the significant potential of bio-drugs in gene silencing, a key limitation in transition to bedside is the lack of appropriate delivery systems that do not reduce the drug efficacy. Even though the phenomenon of RNAi is promising, direct administration of small oligos has not been fruitful because of the lower half-lives of the oligos and presence of nucleases in biological fluids. Furthermore, its low molecular weight hinders oligos to effectively penetrate the endothelial lining and diffuse into the extra-cellular matrix. In addition to these biological perturbations, nucleic acid itself possesses negative charge which lowers its penetration efficiency through the negatively charged cellular membrane. Also, the endosomal pathway offers harsh environment, resulting in degradation of these bio-molecules. The pursuit to make a viable novel antisense drug has given birth to various strategies, delivery approaches and modifications that address limitations associated with direct assimilation of bio-molecules. These strategies facilitate the targeted carriage of bio-molecules, evading biological barriers of the body and they confer better in vivo stability, tissue bioavailability, and targeted cellular delivery to the bio-drugs (Figure 1). Both viral and non-viral vectors have been developed for improving target cell penetration as well as minimizing toxicity by off-target hybridization.
[image: Figure 1]FIGURE 1 | A schematic representation of various modes of Bio-drug delivery. Various modes of in vivo drug delivery like oral guvaging, tail vein (hydrodynamic), intratumoral, intraperitoneal etc have been shown here. Drug delivery methods such as viral based and non-viral based like antibody, mini cell and various nanoparticles like liposomal, dendrimer, gold, peptide and aptamer based is also been demonstrated. The action of the RNAi drug by gene silencing within the cell by post transcriptional and translational block after receptor based endocytosis has been displayed.
Nanoparticle-Based Delivery Systems
The multifaceted nature of science has paved the way for novel combinatorial and synergistic approaches in clinical terms from bench to bedside. Nanoparticles are versatile vehicles that can be used as drug carriers because they can be tweaked to address the limitations of delivery systems by permitting concurrent transport of numerous therapeutic agents for active therapy. Nanotechnology enables the design and assemblage of intended drugs with unprecedented control over their size and shape. Nanoscale methods have focused on developing adaptable bio-composites by conjugating therapeutic agents of interest into them, offering prominent advantages in drug delivery and imaging. Intracellular targeting describes the site where the drug has to be delivered; whether a tissue, an organelle or a compartment. Nanoparticles being sub-cellular and sub-micron in size, have the ability to penetrate deep into tissues or any other desired region by crossing the epithelial lining, ultimately getting permeated into the cell for achieving their therapeutic effects (Vinogradov et al., 2002). The enhanced permeation and retention effect (EPR effect) in cancerous tissues is essentially exploited by adopting various drug delivery methods, particularly with nano-based techniques. The defective tissue morphology and leaky vasculature of cancers increase the EPR effect, making them accurate targets for effective drug delivery (Brannon-peppas and Blanchette, 2004). The nanoparticle-based delivery systems can further be segregated into solid, lipid, and polymer based and in the next section we deal with each of these three systems taking appropriate examples.
Solid based Delivery Systems
Recently biocompatible magnetic nanoparticles have been used to deliver small oligos with high gradient external magnets attracting the drug complex, to the target site within the body providing great transfection efficiency (Nagal and Singlab, 2013), (Xin et al., 2017). Halloysite nanotube (HNT) based carrier was recently developed to deliver antisense oligonucleotides to target anti-apoptotic genes in cancer. In order to study the functionality of the carrier as well as the target gene, HNT carriers were surface modified with γ-aminopropyltriethoxysilane and the oligonucleotides were labelled with fluorescein. Confocal and transmission electron microscopic images recorded efficient cellular uptake and the variable gene expression (Shi et al., 2011). Conducive to construct efficient delivery systems, efforts were directed to preserve the bioactivity of oligonucleotides throughout the administration, from start to target site. Two different strategies have been devised which could be used to bind siRNA on gold nanoparticles. A covalent approach, based on thiolated siRNA bound to nanoparticle surface, and an ionic approach based on the electrostatic interaction between the negatively charged siRNA backbones. Both methodologies proved to be efficient for siRNA delivery, attaining precise gene silencing in both in vitro and in vivo biological systems (Tortiglione and de la Fuente, 2019). In leukemia mouse models, administration of cancer cell-specific mRNA drug conjugated with gold nanoparticles resulted in efficient drug delivery, appropriate release, and competent cellular uptake in both in vitro and in vivo experiments (Gossai et al., 2019). Also, gold nanoparticles have shown to act as a functional scaffold for various medicinal applications such as drug delivery, imaging etc. A gold nanoparticle (AuNP) based non-viral delivery system was created to direct siRNA into prostate cancer cells. Consequently, polyethylenimine (PEI) capped AuNPs were synthesized and combined with folic acid, a targeting ligand for folate receptors (AuNPs-PEI-FA) which could effectively integrate siRNA through electrostatic interactions. Flow cytometric analysis showed that, AuNPs-PEI-FA could exactly deliver siRNA into LNCaP cells, a prostate cancer cell line overexpressing prostate specific membrane antigen (PSMA). To inspect and counter-validate the complex, internalization of siRNA into PC-3 cells, a prostate cancer cell line not expressing PSMA or folate receptors, remained unattained via AuNPs-PEI-FA, signifying the potential of AuNPs-PEI-FA for targeted delivery in treatment of prostate cancer (Rahme et al., 2019).
Lipid based Delivery Systems
Lipid nanoparticles (LNPs) are the most progressive nanocarriers for siRNA delivery due to their high encapsulation efficacy and potent gene knockdown ability. For precisely targeting the subsets of lymphocytes and to offer RNAi payloads in a cell-specific fashion, targeted lipid nanoparticles (tLNPs) were used as a unique favorable approach holding abundant potential for the manipulation of gene expression. This method exploits particular antibodies that adorn the lipid nanoparticle that is aimed at targeting lymphocyte subsets (Hazan-Halevy et al., 2019). Antisense oligonucleotides were designed and conjugated with Liposome-Polycation-DNA (LPD) nanoparticles linked with animoside, a targeting ligand to study the down-regulation of an anti-apoptotic protein called survivin in lung cancer (Hill and Carolina, 2006). 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) based nanoliposomes were used to deliver siRNA directly into the tumor cells in vivo, with greater efficiency. Xenograft and orthotopic tumor models treated with DOPC incorporated siRNA, resulted in substantial regression in the tumor size and target genes causing no distress or toxicity (Ozpolat et al., 2010). Multi-stage delivery systems demonstrated the advancement of nanovectors. Nanovectors with spherical, quasi-hemispherical and discoidal silicon microparticles have unique roles in cellular adhesion and internalization, and the fabrication of such nanovectors have considered size, shape, and design. In vivo studies report increased therapeutic efficiency of liposome coated siRNA when administered through multi-stage systems as compared to free nanoparticles (Serda et al., 2011). Cervical cancer being one of the most life threatening types of cancer among the women, is generally known to be resistant to chemotherapy. Formulations of different solid lipid nanoparticles (SLNs) having chemotherapeutic agent and genetic material (Paclitaxel and siRNA against Bcl-2 oncogene) were tailored respectively. The intent of the study was to understand efficacy with respect to release amount of siRNA, when administered through vaginal suppositories (Büyükköroğlu et al., 2019). Multifunctional envelope typed nano device (MEND) was designed to address the novelty of non-viral gene delivery system. It comprises a complex nucleic acid core, a ligand for specific targeting, fusogenic lipids to enhance endosomal escape and a cell-penetrating peptide to increase the intracellular availability of novel drugs (Hatakeyama et al., 2011). Specific antisense oligonucleotides were incorporated into Cationic amphiphilic bolaamphiphiles (CABs), which were created and tested for their potential to form nano-sized vesicles based on various properties. Results demonstrated significant effect in treating C. difficile infection (CDI) by effective targeting and controlling the disease. For treatment options, antisense therapies promise to be a feasible alternative to the conventional antibiotic therapies (Sharma et al., 2018).
Polymer based Delivery Systems
Numerous carriers have exhibited promising results in terms of delivering antitumoral oligonucleotides like siRNAs to xenograft tumor models, where the formulation was administered through intravenous mode. Chitosan-coated poly (isobutylcyanoacrylate) nanoparticles were used as transporter molecules to deliver siRNAs in xenograft tumor mice models. siRNAs coupled with the nanoparticles by adsorption made the polyelectrolyte complexes formed between the chitosan and nucleic acids very stable and non-toxic (Vauthier, 2019). Treatment of mammary tumors with intratumoral delivery of c-Myc shRNA complexed to rhodamine labelled nanoparticles in Brca2/p53 conditional knockout mouse models, resulted in regression of tumors, prolonging the survival, indicating the suppression of tumors treated with c-Myc shRNA linked-nanoparticles compared to control (Tangudu et al., 2015). Some malignancies like pancreatic cancers, being refractory for regular treatment options (chemotherapy), have the potential to play an important role in precision medicine for cancers by silencing the expression of genes when small-interfering RNAs (siRNAs) are used. For targeted carriage, star-shaped polymeric nanoparticles were developed which self-assembles siRNA into them, for delivery into pancreatic cancer cells in orthotopic mouse pancreatic tumor models. Results indicated substantial reduction in the tumor size and slow recovery in health of the mice after successful administration (McCarroll et al., 2019). Spherical Nucleic Acids (SNAs) are nanostructures that typically consist of a core where functional repositories such as siRNA, miRNA mimics or antagonists could be housed and used as gene regulators. It is known to confer heightened resistance towards degradation, facilitate ease of cell entry in the absence of transfection vehicles. In murine models of glioblastoma, precisely administered siRNA or miRNA conjugated with SNAs, penetrate blood-brain and blood-tumor barriers, regressing tumor progression (Tommasini-Ghelfi et al., 2019).
Aptamer-Based Delivery Systems
For tumor-targeted drug delivery, currently aptamers are being used when addressing cancer treatment with a therapeutic approach. In a recent study, a 64Cu-labeled modified A10 aptamer was designed to target prostate cancer by conjugating with the drug (p-SCN-Bn-NOTA), labeled with 64 Cu radioisotope. This extends the hope for diagnostic potential, non-invasive imaging, and to trace their bio-distribution in vivo paving the way for clinical applications (Kang et al., 2019). Tumor-specific carrier systems for siRNA delivery have extended the scope for reaching targets in treatment of cancer. For targeted combinatorial approach, Folate-conjugated siRNA polyplexes were developed based on sequence-defined oligomer platforms. In vivo and in vitro experiments validated the efficiency of these polyplexes in gene silencing, receptor-directed killing of cancer cells (Lee and Wagner, 2019). Synergistic combinations of oligonucleotides and drugs are the new edges in finding effective therapeutic approaches. To expound active combinations in triple negative breast cancer cell models, resourceful protocols to screen siRNA libraries were developed. For validation of effective transfection reagent for intracellular delivery of siRNA, lipid-grafted low molecular weight (1200Da) Polyethylenimines (PEIs) were used owing to its advantages (Thapa et al., 2019). Optimized DNA nanosuitcases was constructed as tractable DNA prisms that can encapsulate and selectively release siRNA upon recognizing an oligonucleotide trigger. It was designed with much adaptability of oligonucleotides, where it could be made to respond to an oligonucleotide trigger of interest like shRNA or miRNA, thus aiding dual therapeutic approaches (Bujold et al., 2016). Dendrimers being nano sized and radially symmetric molecules have been used as a carrier in gene delivery systems. For specific gene delivery in head and neck squamous cell carcinomas (HNSCC), a fluorescently labeled folic acid-decorated polyamidoamine (PAMAM) dendrimer was conjugated with folic acid (FA) as targeting moiety. When linked with a plasmid or siRNA, this complex is known to significantly enhance the gene transfection or knockdown efficiency in mouse xenograft models (Xu and Yang, 2019). Trastuzumab (TZ) is a monoclonal antibody that binds explicitly to human epidermal growth factor 2 (HER2) receptors and is presently being used for the treatment of HER2-positive breast cancer. A targeted carrier system made up of trastuzumab-conjugated poly (amido) amine dendrimers demonstrated a strategy for site-specific carriage of siRNA to HER2-positive breast cancer cells, subsequently resulting in definite targeting without off-target effects (Kulhari et al., 2019). Higher levels of miRNAs in cancer cells are frequently related with oncogenic effects. Targeted delivery of synthetically modified antagomiR molecules to malignant myeloid cells and B cells by linking with single stranded phophorothioated oligodeoxynucleotides (PSO), reported to persuasively reduce the levels of target miRNA. Therefore, the PSO-antagomiR has demonstrated its role, by virtue of regulating the expression of downstream protein targets, both in vitro and in vivo (Su et al., 2019). Synergistic approach by delivery of small interfering RNA (siRNA) and chemotherapeutic agent (cisplatin) for Human antigen R (HuR) mRNA in cancer cells by means of a polyamidoamine (PAMAM) dendrimer, was developed. In vitro results established that this strategy was effective in lung cancer cell lines H1299 and A549, along with reduced toxicity in normal lung fibroblast MRC9 cells (Shivdasani, 2006). During invasion and metastasis of cancer from a primary organ, patients have to undergo treatment with anti-tumor drugs by means of systemic administration, instead of local injection. Unfortunately, when oligonucleotides are administered, they tend to be degraded by ribonucleases in the blood leading to poor accumulation of the effector molecules in target sites. To overcome this, double-stranded RNA/DNA chimera (dsRDC) was used as a strategy instead of small interfering RNAs in in vivo breast cancer models. This kind of chimera sidesteps off-target properties leading to the formation of RISC complex by the sense strand, thereby conferring more durability and stability in bloodstream (Taniguchi and Imai, 2019). DNA nanostructures offer a simple yet powerful technique for the self-assembly of designed oligonucleotides into them. Multivalent DNA nanostructures consisting of unmethylated CpG motifs were prepared and tested for their ability to withstand nuclease degradation, stability, and transfection efficiency. Studies demonstrated that CpG motifs are recognized by toll-like receptors of the cell, proving their specificity and high potential in drug targeting (Li et al., 2011). Engineered gold nano-shell based oligonucleotides were therapeutically designed to discharge its cargo on mandate upon illumination with near-infrared laser irradiation at 800 nm. A fluorescently labeled Green fluorescent protein (GFP) expressing human lung cancer H1299 cell line in vitro, was used to determine the cellular uptake, controlled release, and gene silencing induced by the desired siRNA (Huschka et al., 2012).
Peptide and Cell-Based Delivery Systems
Peptide-based nanoparticles form a stable complex of proteins and nucleic acids. These nanoparticles facilitate efficient delivery of cargo into cells highlighting the importance of cellular uptake, independent of the endosomal pathway. Cell-penetrating peptides initiate electrostatic interactions with proteoglycans, allowing modification of actin network in the extracellular matrix, thereby facilitating the uptake of nanoparticles (Crombez et al., 2008). In one study, a morpholino based oligonucleotide was constructed and linked to a tumor-targeting RGD peptide to form oligoconjugates. These were further bound to a single molecule of human serum albumin. The resultant nanoconjugate showed a greater enhancement in receptor-specific intracellular delivery of oligonucleotides and markedly boosting the functional activity at low nanomolar concentrations, overcoming the limitations of cytotoxicity (Ming et al., 2013). The delivery of siRNA through modular L1, a peptide carrier bearing CXCR4 targeting ligand was evaluated for its ability to condense siRNA, mediating endosomal escape. This resulted in forming complexes with siRNA to provide efficient VEGFA gene knockdown by substantial reduction of VEGFA gene expression in EA.hy 926 endothelial cells and in A172 glioblastoma cells (Egorova et al., 2019). Biodegradable nanoparticles developed from poly D, L-lactide-co-glycolide (PLGA) were studied for their localization, release, and delivery of therapeutic proteins, plasmid DNA, and small molecules suggesting that they are efficient in overcoming the endo-lysosomal compartment, thus moving into the cytosol after administration (Panyam and Labhasetwar, 2012). An innovative biomolecule compound Atelocollagen was developed to deliver tumor-specific siRNAs in nude mice. Atelocollagen being positively charged forms a complex with siRNA by electrostatic interactions. In orthotopic tumor models of prostate cancer in nude mice, this complex overcame degradation by nucleases and was proficiently transported in the bloodstream to the target tumor tissues, where the siRNA/atelocollagen complex integrated through endocytosis, promoting anti-metastasis and tumor regression (Takei, 2019). The usage of cationic polymer Polyethylenimine-Polycaprolactone-Polyethylene glycol (PEI-PCL-PEG) showed increased efficiency as it formed a superior complex with nucleic acids and thus proved better for gene delivery. Moreover, this polymer permits targeting moieties to be coupled to the micelleplex, the overexpressed receptors found within tumors. With this approach, indium labeled siRNA encapsulated with PEI-PCL-PEG nanoparticles and folic acid targeting ligand was developed for their evaluation in in vivo tumor targeting in orthotopic ovarian cancer models (Feldmann et al., 2019). Bacterial minicells, nanosized enucleated cells, have been exploited as a productive delivery method for nucleotide based therapeutics. Minicells retain all of the molecular components of the parent cell, except chromosome, lacking the ability to divide. Due to numerous advantages like convenience, efficient packaging of si/shRNA, stability, and easy surface modification with antibodies/ligand for active targeting, they can be manifested selectively to tumor cell-surface receptors with any targeting moieties conjugated on minicells. The functionality of minicells was observed in vivo in xenograft mice tumor models and in in vitro selected cancer cell lines (Jivrajani and Nivsarkar, 2019).
RNA INTERFERENCE AND NANOTECHNOLOGY IN PRE-CLINICAL STUDIES: AN INSIGHT INTO BOTH IN VITRO AND IN VIVO METHODS IN DIFFERENT CANCERS
The detailed understanding of molecular targets underlying cancer has paved way for personalized therapy, overcoming the intrinsic complexity and asymptomatic nature of various cancers. With an ability to interfere with the function of specific molecular targets, targeted therapy controverts the conventional and empirical approach of developing cytotoxic chemotherapeutics. The past decades have witnessed the manipulation of diverse molecules like tyrosine inhibitors, serine/threonine inhibitors, small molecule drug conjugates, and monoclonal antibodies into developing targeted therapeutics with anti-cancer activity. Although these molecules were effective compared to the conventional methods, researchers found it challenging to circumvent the challenges related to protein durability. This is where RNA interference interceded and revolutionized targeted therapies. With an uncanny ability to target cancer-related genes, the RNAi pathway employs non-coding RNAs to bind messenger RNAs and silence gene expression in eukaryotic cells. Although profuse alternatives for gene silencing exist like CRISPR/Cas and TALENs, RNA interference remains the most favored option due to its precise functional mechanism, high potentiality, high specificity of gene silencing, and scanty side effects (Mansoori et al., 2014). The emergence of RNAi-based cancer therapies has materialized the usage of nanoscale particles as delivery molecules. With an enhanced ability to accumulate in tumor cells compared to normal cells due to the EPR effect, nanoparticles protect the RNAi molecules from undergoing enzymatic degradation and prevent them from being recognized by the immune system, thereby showing higher transportation efficiency compared to other carriers (Xin et al., 2017). However, a detailed preclinical characterization of the nano molecule and studies on the mode of offloading the loaded non-coding RNAs by these carrier particles have to be analyzed both in vitro and in vivo before taking these molecules to clinical trials. Evaluation of rate, extent, and perpetuation of silencing and the time-frame of delivery of the nanocarriers to the cancer niche is crucial in preclinical studies and the information generated enhances the chance of success in clinical trials (Wu et al., 2014). Almost every cancer tissue with a prominent biomarker and a potential to regress after gene silencing has been targeted for RNAi-based anti-cancer therapy. We are summarizing the results of pre-clinical obtained with nanoparticle-RNAi system in each type of cancer.
Breast cancer
Advancement in gene therapy has accentuated the potentiality of RNAi molecules in breast cancer therapy over recent years. Lu Han et al. targeted HOX transcript antisense intergenic RNA (HOTAIR) by using specific siRNAs and by transfecting it into three human breast cancer cell lines (MCF-7, MDA-MB-231, and SKBR-3) resulting in repressed proliferation, invasion, and migration of cancer cells (Han et al., 2018). Studies have analyzed the interaction between miR-145 and Hepatitis B virus X-Interacting Protein (HBXIP), an oncoprotein promoting breast cancer progression and metastasis. Anti-miR-145 and si-HBXIP upon transfection revealed that miR-145 directly targets HBXIP and is a useful therapeutic target (Jiang et al., 2019). In order to knock down the expression of Ubiquitin-associated protein 2-like (UBAP2L), an oncogene associated with various cancers like prostate cancer, colorectal cancer, breast cancer, and glioma, shRNAs targeting the same has been transfected into breast cancer cell lines like ZR-75–30 and T-47D, successfully regressing the tumor (He et al., 2018). Other than these, Ca+2-dependent phospholipid and membrane-binding proteins, Annexin A3 (ANXA3), underwent gene knockdown in MDA-MB-231 cells with the help of sh-ANXA3 containing lentiviral vectors leading to inhibition of cell proliferation, migration, and invasion (Zhou et al., 2017).
A large intergenic non-coding RNA-regulator of reprogramming (lincRNA-ROR) is a newly identified lncRNA associated with initiation, development, and metastasis of multiple tumors, including breast cancer. This lincRNA-ROR has been shown to enhance the resistance of radio- and chemo-therapy of cancer cells along with the ability to inhibit the gemcitabine (Gem)-induced apoptosis and autophagy of breast cancer cells (Takahashi et al., 2014; Chen et al., 2016a; Yang et al., 2017a). Even after tamoxifen (TAM) has been clinically proven to reduce the risk of development of breast cancer, its resistance towards therapy is still a drawback. Thus, shRNA targeting lincRNA-ROR has been transfected into MDA-MB-321 BC cells. This showed decreased cell proliferation and increased TAM sensitivity by reducing its resistance (Lu et al., 2019). TAM is also found to promote apoptosis by suppressing the activation of the P13K/Akt/mTOR signaling pathway. The PRDI-BF1 and RIZ (PR) domain zinc finger protein 14 (PRDM14) is found to be overexpressed mostly in three out of five breast cancer patients, out of which some exhibit gene amplification. siRNA targeted against PRDM14 in nude mice successfully reduced size of breast tumors and lung metastases (Taniguchi and Imai, 2019).
Colon cancer
Previous studies have revealed the hindrance of colon cancer proliferation and invasion in vitro via the down-regulation of TSPAN1 expression (Chen et al., 2010). Enacting the role of a potential prognostic factor in colorectal carcinoma, TSPAN1, through its inhibition by miRNA mediated RNAi, paved the way to the deduction of miR-638 as a tumor suppressor miRNA (Zhang et al., 2014). Similarly, a knock-down study on s100p gene in colon cancer cells using lentivirus-mediated RNAi, indicated significant reduction of tumor growth and liver metastasis in vivo (Jiang et al., 2011). Via in-silico screening, forced overexpression of miR-124 in colon cancer cells reduced Collagen prolyl-4-hydroxylase α subunit 1 (P4HA1) expression and subsided its malignant phenotype. The malignant phenotype was also diminished by treating the cancer cells with diethyl-pythiDC, a small molecule inhibitor of P4HA1 (Agarwal et al., 2019). Colo-320 cells were transfected with two complementary pairs of short-hairpin siRNA oligomers specific to human BRCP/ABCG2 cDNA sequence which led to a significant reduction in protein expression and chemoresistance (Hu et al., 2017).
Colon cancer-associated transcript 2 (CCAT2) is an lncRNA which is found to be highly overexpressed in microsatellite-stable colorectal cancer. A meta-analysis on the same revealed that the overexpression of CCAT2 gene can be used as a novel prognostic factor in several cancers (Fan et al., 2017). Thus, shRNAi plasmids targeting CCAT2 have been transfected into human gastric cancer BGC-823 cell lines. The corresponding silencing of the CCAT2 gene reduced the tumor cell proliferation and promoted apoptosis and autophagy in BGC-823 cells (Yu et al., 2018). The regulatory interlink between HOTAIR and insulin like growth factor 2 mRNA‐binding protein 2 (IGF2BP2) has been shown to influence the invasion and migration of colon cancer LoVo cells (Wu et al., 2019). The lncRNA, upon targeting and silencing HOTAIR, could significantly lower the proliferation of tumor cells as well as promote apoptosis through suppression of IGF2BP2 and Epithelial to Mesenchymal Transition (EMT). LINC01234, a highly abundant mammalian noncoding RNA has been proven to be a novel molecule in the field of tumor biology with associations with almost all types of cancers like breast, gastric, ovarian and colon cancers (Guo et al., 2016; Gu et al., 2017; Guo et al., 2017). Serine hydroxymethyltransferase 2 (SHMT2) is an enzyme regulating the serine/glycine metabolism pathway, a pathway identified to be critical in tumor metabolism since they have high energy and anabolic consumption capability. shRNA interference vectors targeting LINC01234 and SHMT2 were injected into BALB/c nude mice which had already been transplanted with tumor through subcutaneous injections of LoVo and HCT119 cell lines. Knockdown of LINC01234 arrested serine/glycine metabolism pathway thereby suppressing the cell proliferation and invasion (Lin et al., 2019a). Furthermore, LINC01234 was identified to be functioning as a competitive endogenous RNA (ceRNA) for miR-642a-5p, thus implying that LINC01234-miR642a-5p-SHMT2 axis plays a critical role in colon cancer proliferation.
Nuclear paraspeckle assembly transcript 1 (NEAT1), one of the nuclear lncRNAs is found to be associated with the deteriorated prognosis of colorectal cancer (CRC). siRNA and antisense oligonucleotides targeting NEAT1 as well as knockdown of miR-193a-3p modulated KRAS proteins, thus providing a therapeutic and diagnostic marker for CRC (Zhu et al., 2019). Similarly, the function of Tripartite Motif Containing 25 (TRIM29) was explored in colorectal cancer cells by transfecting HT-29 and SW1116 cells with si-TRIM29. This knockdown reduced tumor cell proliferation, migration and invasion followed by reducing the phosphorylation levels of JAK2 and STAT3, which are the regulators of JAK/STAT signaling pathway (Xu et al., 2016).
A novel oncogenic lncRNA, Sprouty4-Intron 1 (SPRY4-IT1) is found to be upregulated in multiple cancers regulating cell growth, invasion and apoptosis (Li et al., 2017a). To knockdown its expression, CRC (LoVo and SW480) cell lines were transfected with siRNA sequences specific to SPRY4-IT1 (Shen et al., 2017). Thus, cell proliferation, migration and invasion of CRC cells were suppressed via EMT-related gene modulation by negatively regulating the expression of miR-101-3p (target of SPRY4-IT1).
Cervical cancer and Prostate cancer
Cervical cancer is one among the most common types of cancer found in women worldwide. Several non-coding RNAs have been associated with cervical cancer and a few of them were taken forward for preclinical analysis. In 2012, Gibb et al found the abnormal expression of growth arrest specific 5 (GAS5) lncRNA by performing serial analysis of gene expression (SAGE) in cervical cancer (Gibb et al., 2012). In order to downregulate GAS5, RNAi sequence targeting this lncRNA was transfected into cervical cancer HeLA cell lines using liposome INTERFERin and its regulatory role was unraveled (Li et al., 2018a). Mitogen-activated protein kinase 1 (MAPK1), identified as a direct target of miR-329-3p, is upregulated in cervical cancer tissues and found to depict an inverse correlation with miR-329-3p expression. The knockdown of MAPK1 by transfecting human cervical cancer cell lines with si-MAPK1 significantly inhibited tumor cell growth, migration and invasion (Li et al., 2017b). These results were similar to the results obtained by overexpression of miR-329-3p inferring its therapeutic ability in cervical cancer.
Diverse cell-penetrating peptides (CPPs) have been in use to deliver anti-VEGF siRNA into cancer cells (Choi et al., 2010; Kanazawa et al., 2012; Egorova et al., 2016; Chung et al., 2017). With inadequate cell-type specificity being a major drawback, CPPs like BR2 specific to cancer cells have been reported (Lim et al., 2013). An amalgamation of siVEGF and BR2, when delivered intracellularly in HeLa cell lines, down regulated VEGF levels notably reducing toxicity, increasing antitumor efficacy indicated a specific and efficient delivery of siRNA by BR2 CPP (Lee et al., 2018).
Prostate cancer (PCa) is the most prevalent visceral cancer in men worldwide (Chen et al., 2015). Special AT-rich sequence-binding protein 1 (SATB1), a transcriptional factor is found to be overexpressed in various types of malignant cancers like nasopharyngeal carcinoma, cutaneous malignant melanoma, osteosarcoma and small cell lung cancer (Chen et al., 2014a; Hou et al., 2016; Lee and Pelletier, 2016; Xiong et al., 2017a). Three siRNAs targeting SATB1 region containing nucleotides 2,147–2,185 of complementary DNA were synthesized and were transfected into prostate cancer cell line DU145 using siPORT lipid transfection reagent (Mi et al., 2016). Tumor cell growth, invasion and migration capabilities were significantly inhibited in vitro implying that SATB1 siRNA could be a potential agent for human PCa therapy. Playing a major role in Ca+2 homeostasis, transient receptor potential cation channel subfamily M member 8 (TRPM8) has also emerged as a potential therapeutic target in PCa (Fidaleo et al., 2015), (Cao et al., 2017). The specific siRNA complementary to TRPM8 complexed with Lipofectamine 2000 was transfected into prostate cancer (LNCaP) cells thus, inhibiting cell proliferation and enhancing epirubic in chemosensitivity of cancer cells via promoting apoptosis (Chen et al., 2012). Prostate stem cell antigen (PSCA) is a glycosylphosphatidylinositol (GPI)-anchored cell membrane glycoprotein which is highly expressed in prostate cancer (Gu et al., 2000). Prior study by Zhigang Zhao and team produced in vitro validation that 21-nt long siRNA targeting PSCA could significantly inhibit cell proliferation and invasion of human PCa (PC-3M) cells (Zhao et al., 2016). The same group of researchers in the pursuit of validating in vivo, injected si-PSCA subcutaneously into male SCID mice bearing PCa xenografts (Leconet et al., 2018). The expression of PSCA was completely shut down as shown by immunohistochemical analysis as well as the reduced tumor growth volumes and metastasis onset. As ZEB1 was overexpressed in malignant cancers like prostate cancer (Heinrich et al., 2018), when the antisense lncRNA ZEB1-AS1 was expressed it positively regulated ZEB1 expression promoting tumor growth and metastasis via functioning as an oncogene in primary liver cancer (Huang et al., 2020). Based on these observations when two different siRNA vectors targeting ZEB1-AS1 were transfected into prostate cancer cell lines they inhibited ZEB1 overexpression and thereby the cell proliferation (Su et al., 2017).
Lung cancer
In 2019, Fei cao et al., reported that targeting epidermal growth factor receptor (EGFR) mutations by RNAi can possibly treat residual lung cancer. PEG-PEI-EGFR siRNA nanocomposite was created by conjugating PEG-PEI polymer with siRNA targeting EGFR. This when injected intratumorally significantly reduced cell proliferation and invasion of tumor cells in BALB/c nude mice which had been subcutaneously injected with HCC827 lung cancer cells, subsequently rejecting the human lung xenograft model in mice (Cao et al., 2019). Growth arrest-specific 5 (GAS5) is known to be a vital tumor suppressor lncRNA in some types of cancers. NSCLC cells were transfected with plasmid vectors of GAS5 siRNA sequences. This study determined that miR-205 was a direct target of GAS5 in lung cancer and the Phosphatase and Tensin homologue (PTEN) was a direct target of miR-205. Upregulation of GAS5 aided in the suppression of tumor growth and invasion via miR-205/PTEN axis (Dong et al., 2019). On the contrary to this, X inactive-specific transcript (XIST) is known to function as an oncogenic lncRNA in bladder cancer, CRC and NSCLC (Fang et al., 2016; Xiong et al., 2017b; Chen et al., 2017). In order to unzip the correlation between XIST and TGF-β induced EMT, siRNA sequences targeting XIST and zinc finger E-box-binding protein (ZEB2) were transfected into human NSCLC (A549) cells using Lipofectamine 2000 transfection reagent. The knockdown of XIST repressed ZEB2 expression thereby inhibiting TGF-β induced EMT, cell proliferation and invasion. In addition to in vitro validation, the sh-XIST sequences were intravenously injected into female nude mice along with stable A549 cells. The decreased pulmonary metastasis observed from metastatic nodules on the lung surface revealed the role of XIST and ZEB2 in promoting EMT (Li et al., 2018b).
Programmed death receptor 1 (PD-1), being a specific programmed death receptor ligand 1 (PD-L1), plays a major role in immune escape by malignant tumor cells and is found to be overexpressed in most of the cancer types. The antitumor effects of dendritic cell (DC) immunization have been observed to be inhibited by the signaling functions of PD-1/PD-L1. The shutdown of the PD-L1 expression by lentivirus-mediated RNAi in SCID-hu mice injected with human pancreatic cancer PaTu8988 cells (Wang et al., 2019), reduced the tumor growth and lung metastasis thereby increasing the survival time of SCID-hu mice. Staphylococcal nuclease domain-containing protein 1 (SND1), also termed as P100 is a major component of RISC complex which regulates gene expression at both transcriptional and translational levels. Various studies have revealed the interaction of P100 with c-Myc, STAT5 and STAT6 (Dash et al., 1996; Yang et al., 2002; Välineva et al., 2005). Anna et al (year) reported the upregulation and chemoresistant characteristics of P100 in lung cancer (Zagryazhskaya et al., 2015). So, when miR-320a targeting P100 was transfected into human lung cancer cell lines, it inhibited cell migration, thus potentiating the biomarker effects in prognosis of lung cancer (Xing et al., 2018). Cancer cells require enhanced lipid biosynthesis since the fatty acids and phospholipids supplied by the gut and the liver alone are insufficient when compared to the consequent increase in the expression and activity of crucial enzymes like fatty acid synthase (FASN). Ning Zhan and his team constructed a lentiviral vector containing shRNA complementary to FASN and then transfected it into human non-small cell lung cancer (A549) cells making use of Lipofectamine 2000 as transfection reagent (Zhan et al., 2018). They observed that the FASN knockdown increased the radiosensitivity of NSCLC cells by effectively promoting apoptosis.
Aquaporins (AQP) which are integral membrane proteins facilitating water transport between cells are known to be prominently abundant in diverse malignant tumors, promoting cell proliferation and angiogenesis (Hu et al., 2006), (Verkman et al., 2008). In particular, AQP3 has been reported to be regulating cancer cell growth, invasion and migration (Lieberman, 2018), (Christopher et al., 2016) and hence inhibition of it can decrease the proliferation of NSCLC cells (Chen et al., 2015). So, two siRNA oligonucleotides targeting AQP3 were transfected into lung cancer (XWLC-05) cells and nude mice were subcutaneously inoculated with lung cancer cells transfected with si-AQP3. Cellular experiments revealed the inhibition of cell proliferation and invasion promoting apoptosis whereas reduced tumor growth was observed in in vivo studies (Xiong et al., 2017a). Lung cancer (A549) cell lines were transfected with four siRNA oligonucleotides cloned into lentiviral expression vectors to silence RNA helicase (DHX9), a protein overexpressed in a wide variety of cancer (Fidaleo et al., 2015; Lee and Pelletier, 2016; Mi et al., 2016). Subsequently using enoxacin to inhibit cell proliferation, this particular knockdown of DHX9 completely suppressed lung cancer cell growth (Cao et al., 2017). The combined effect of RNAi and tyrosine kinase inhibitors (TKIs) by targeting EGFR in NSCLC cells and subsequently silencing the gene in the cancer has also been reported (Chen et al., 2012).
Gastric cancer
Being rarely diagnosed at early stages, gastric cancer (GC), though could be treated using surgery, radiation, and chemotherapy at its earlier stages is very unresponsive to the same at its advanced and metastatic stage. The use of RNA interference has been thus emphasized in gastric cancer treatment to enhance both diagnosis and prognosis. The MYCL1 being a proto-oncogene, has been found to be upregulated in most of the gastric cancer cells. The usage of lentiviral MYCL1 shRNA expression vectors to knockdown the overexpression of this gene reduced migration and invasion of MGC-803 cell line in vitro (Qin et al., 2019). This effect of MYCL1 gene on migration phenotype can be exploited to enhance the prognosis rate of gastric cancer patients. Plasmacytoma variant translocation 1 (PVT1), has been reported to be a potential lncRNA biomarker for Gastric cancer patients. The shRNA targeting lncRNA PVT1 when transfected into BGC823 and AGS cells using lipofectamine , the expression of c-Myc was reduced which in turn decreased migration and invasion ability of tumor cells (Ren et al., 2019).
Methyltransferase-like 3 (METTL3) is known not only for N6-methyladenosine (m6A) modification of mRNA but also for regulating the translation of oncogenes. Human gastric cancer cell lines, AGS and MKN45 when transfected by shRNA targeting METTL3, it significantly decreased Bcl2 and increased Bax and active Caspase-3 implying activation on the apoptotic pathway. Thus, downregulation of METTL3 suppressed the proliferation and invasion of human gastric cancer cells (Lin et al., 2019b). Many researchers have reported the role of lncRNA LINC00978 in lung cancer, breast cancer and gastric cancer (Yang et al., 2015; Ke et al., 2017; Fu et al., 2018). In order to understand the biological function of this lncRNA in gastric cancer, Min Fu and his colleagues targeted the lncRNA using its specific shRNA in human gastric cancer (MGC-803 and SGC-7901) cell lines using LipoFiter as transfection reagent. The knockdown of this overexpressed lncRNA induced apoptosis by suppressing cell cycle progression. Also, since the migration and invasion of GC cells were found to be inhibited, LINC00978 could serve as a prognostic biomarker for gastric cancers (Fu et al., 2018).
Another lncRNA involved in cell proliferation, apoptosis and tumor development in liver and gastric cancer is small nucleolar RNA host gene 15 (SNHG15) (Zhang et al., 2016). The knockdown of this gene, in human NSCLC (A549) cells using Lipofectamine 2000, using specific siRNA oligonucleotides significantly suppressed cell proliferation, invasion and metastatic abilities of cancer cells thereby initiating apoptosis (Chen et al., 2016b). In order to investigate the role of TRIM25 in gastric cancer, two different siRNA oligonucleotides specific to TRIM25 were transfected into GC cell lines (MGC-803 and AGS). This silencing of TRIM25 expression decreased cell migration and invasion by regulating TGF-β signaling pathway (Dong et al., 2018). Being a transmembrane protein, the IQ motif containing GTPase-activating protein three gene (IQGAP3) is known to be upregulated in gastric cancer cells and could serve as therapeutic target (Yasui et al., 2011). So, the siRNA sequences targeting IQGAP3 were conjugated with Lipofectamine RNAi-MAX and then transfected into human GC (MKN-1) cells. Performing spheroid colony formation assay elucidated that both the number and size of the spheres formed by GC cells were remarkably reduced (Oue et al., 2018). Another transmembrane glycoprotein shown to be overexpressed in GC is liver-intestine cadherin (CDH17). Lentiviral-mediated RNAi performed by transfecting human GC (MKN28) cells with shRNA oligonucleotides specific to CDH17, promoted apoptosis by notably inhibiting cell proliferation of GC cells. Furthermore, subcutaneously injected GC mice xenografts showed significant lessening of tumor growth and volume thereby restricting tumorigenicity (Su et al., 2008).
Other Cancers
First ever trials of RNAi in humans were focused on assessing the potentiality and activity of lipid nanoparticles (LNPs) formulated with siRNAs targeting VEGF and kinesin spindle protein (KSP) in liver (Tabernero et al., 2013). With this, not only intravenous administration of ALN-VSP liver was shown to be effective and safe but also complete regression of liver metastases was observed in endometrial cancer. Endometrial cancer (EC) being the most common malignant female genital cancer in the world, one of the candidate biomarkers of EC, chitinase-3-like protein 1 (YKL-40) is overexpressed in patients diagnosed (Fan et al., 2013) has a pivotal role in cancer cell proliferation (Brøchner et al., 2012), angiogenesis (Francescone et al., 2011) and anti-apoptosis (Lee et al., 2009). In order to silence the expression of YKL-40, siRNA oligomers targeting it were first cloned into retroviral vectors and then transfected into EC (HEC-1A) cells using Lipofectamine 2000 followed by lentiviral-mediated transduction (Li et al., 2018c). Tumor cell attributes like cell proliferation, migration and invasion were found to be inhibited consequently increasing the mean cellular apoptotic rate. One of the oncogenic lncRNAs, HOTAIR, has been reported to be mediating chemoresistance to cancer cells (Liu et al., 2013). In order to ascertain the role of this lncRNA in endometrial cancer, the Ishikawa human EC cell line along with cisplatin-resistant clones were transfected with three si-HOTAIRs with the help of Lipofectamine 2000 as transfection reagent (Sun et al., 2017). This knockdown of HOTAIR inhibited the cell proliferation of EC cells thereby decreasing their cisplatin-induced chemoresistance.
The oncogenic transmembrane glycoprotein MUC1, being overexpressed in several tumors, upon silencing via RNAi inhibited the growth of Hepatocellular carcinoma cells indicating its crucial role in tumorigenicity (Li et al., 2014). The following study performed by the same group of researchers indicated that MUC1 initiates the autocrine TGF-β signaling in HCC cells by activating JNK/AP-1 pathway (Li et al., 2015). JNK, being a member of the MAPK family, has been displaying its role in HCC development and progression (Ozpolat et al., 2010). In order to collectively target both MUC1 and JNK, this team (Wang et al., 2017) firstly transfected HCC (SMMC-7721) cells with si-MUC1 and si-JNK1/2 or SP600125 (inhibitor of JNK) separately complexed with X-fect transfection reagent. Cell viability of MUC1-transfected cells was decreased and showed similar results with si-JNK and its inhibitor. Since unmodified siRNA is not stable in bloodstream and does not get transported through cell membranes (Whitehead et al., 2009), both the si-MUC1 and si-JNK were chemically modified by conjugating with 5’-cholesterol and 2’-O-methyl groups and then intratumorally injected into tumor bearing mice which in fact did not show variable results compared with negative control. Thus, a more effective delivery method has to be innovated or developed to inhibit JNK/AP-1 pathway.
Most of the human malignancies which have epithelial origin of cells are associated with overexpressed EGFR. So, shRNA targeted against EPS8 (EGFR pathway substrate 8) conjugated with polyamidoamine dendrimers through receptor-mediated delivery has been utilized to assess the phenotype of head and neck squamous carcinoma cells (Yuan et al., 2019). This showed that it inhibited cell growth, proliferation, migration and malignancy of tumor cells. Signal peptidase complex 18 (SPC18), encoded by SEC11A gene has been reported to induce the secretion of transforming growth factor (TGF-∝), which phosphorylates EGFR and stimulate pathways involved in cell proliferation and anti-apoptosis. So, siRNA targeting SEC11A was transfected into human bladder cancer (T24 and KMBC-2) cell lines using Lipofectamine RNAi-MAX. The knockdown of SEC11A prominently inhibited cell growth and invasiveness contrary to the forced expression of SEC11A (Shigematsu et al., 2019). Small Nucleolar RNA Host gene 7 (SNHG7), an lncRNA has been found to be overexpressed in bladder cancer tissues and cell lines. Thus, such overexpression has been downregulated by siRNA-mediated RNA interference. This downregulation not only had regulatory effect on Epithelial-Mesenchymal Transition (EMT) related markers but also inhibited cell proliferation and invasion thereby promoting apoptosis (Zhong et al., 2018; Katoch et al., 2021).
Bone cancer pain (BCP) has both the components: nociceptive and neuropathic. The nociceptive component is associated with the release of algogenic substances by tumor and thus plays a pivotal role in inducing cancer-related deaths. The neuromedin U receptor 2 (NMUR2) has been shown to be upregulated in rat models which were injected with walker 256 cells (Peng et al., 2019). Thus, siRNA targeted to silence NMUR2 successfully relieved pain by assessing paw withdrawal threshold (PWT) value.
Recent studies have shown that the hypoxia pathway is dysregulated in pancreatic cancer. Also, glucose transporter-1 being a transmembrane transporter is upregulated in many types of cancers and is responsible for transformation into malignant tumor. Folic acid receptor is overexpressed on almost all the malignant tumor cell surfaces since it is the essential vitamin for proliferative cells. The siRNA complementary to HIF-1α which has been transfected with graphene oxide nanoparticles targeting folate receptor was injected intravenously into nude mouse tumor models with pancreatic cancer PaTu8988 cells (Wan et al., 2019). This shutdown of the expression of HIF-1α and GLUT1 under hypoxic conditions significantly inhibited the proliferation and metastasis of tumor cells and thereby speeding up the apoptosis of tumor cells. In addition, hypoxic state of tumor tissues was reduced, which is usually higher in malignant tumor cells.
Tumor-derived exosomes (TEXs) are not only widely distributed in body fluids of cancer models but also have significant molecular level effects on immune cells like NK cells (Andre et al., 2002; Kim et al., 2007; Dai et al., 2008; Reiners et al., 2014). In order to determine the mechanistic role of oral cancer-derived exosomes (OCEXs), Yang and his colleagues performed in vitro knockdown of NF-κβ-activating kinase-associated protein 1 (NAP1) using siRNA in human oral cancer (OC) cell lines using Lipofectamine RNAi-MAX transfection reagent, and observed that OCEX derived NAP1 induces activation of interferon regulatory factor 3 (IRF-3). Thus, exosomal NAP1 enhances the tumor-suppressing functions of NK cells specifically cytotoxicity towards tumor cells and could be used as immunotherapy for treating oral cancer (Wang et al., 2018).
Research has shown that, Human antigen R (HuR) being the most ubiquitously expressed RNA-binding protein in eukaryotes is one of the key regulators in post-transcriptional gene expression mechanisms (Schwanhüusser et al., 2011) consequently causing several types of cancers like breast cancer, ovarian cancer and colon cancer (Govindaraju and Lee, 2013; Wang et al., 2013). Balden et al. demonstrated that HuR is overexpressed also in thyroid cancer (Baldan et al., 2016) and to determine its biological activity, the siRNA targeting HuR were transfected into anaplastic thyroid cancer cell lines (SW1736 and 8505C) using Dharma-FECT 1 as transfection reagent and this, reduced colony forming ability (Allegri et al., 2018). Apart from using the RNAi mechanism to silence HuR, SAHA an FDA approved drug was also used in mouse epidermal JB6 C141 cells.
Urinary bladder cancer (UBC) is another most common genitourinary malignancy worldwide. ASAP1-Intron 1 (ASAP1-IT1), is an intronic transcript of ASAP1 whose overexpression has been implied in cancer development (Guo et al., 2018). Human UBC cell lines were transfected with si-ASAP1-IT1 cloned into a lentiviral vector using Lipofectamine 3,000 transfection reagent thereby reducing stemness of UBC (Yang et al., 2017b). Also, Snail-1 is one of the crucial transcription factors in the process of regulation of EMT. Musavi Shenas et al. transfected EJ-138 bladder cancer cells with three different siRNA sequences targeting Snail-1 (Musavi Shenas et al., 2017). The expression of a few miRNAs involved in EMT such as miR-29b, -21 and -203 was shown to be reduced significantly by the knockdown of Snail-1. In addition, Snail-1 siRNA aided in induction of apoptosis as measured by the TUNEL test.
The human trophoblast cell surface antigen 2 (TROP2), is a cell surface glycoprotein and its overexpression in several cancers has been linked to tumorigenicity, poor survival and metastasis (Cubas et al., 2009). Though Chen et al. reported the association of TROP2 overexpression with poor prognosis in gall bladder carcinoma (GBC), mechanisms underlying proliferation and metastasis are still unknown (Chen et al., 2014b). To determine this, human GBC cell lines were transfected with shRNA targeting TROP2 conjugated with Lipofectamine 2000 reagent. In addition to this, BALB/c mice were subcutaneously injected with GBC cells transfected with sh-TROP2. The in vitro results confirmed the inhibition of cell proliferation, invasion and migration of GBC cells whereas, in vivo studies showed the postponed EMT of cancer cells analyzed by immunohistochemistry (Li et al., 2017c).
RNAI AND NANOTECHNOLOGY-BASED CLINICAL TRIALS: WHERE DO WE STAND?
In a world where the development of new drugs is painfully slow and the pipeline of new therapeutics frightfully thin, the discovery of RNA interference has paved way for the development of relatively rapid approaches towards cancer drug design. The transition from preclinical work to clinical trials requires a novel therapeutic that shows sufficient promise to be effective and safe in treating human diseases. The fact that the number of nanocarriers that have reached the phase of clinical approval is meager and the high diversity of the nano platform makes concluding a particular nanoparticle to be “promising” is complicated (Mirkin et al., 2015). However, with the success and validation in in vivo models, various RNAi and nanoparticle-based molecules were taken for clinical trials in the past decade.
Approximately 25 different siRNA/shRNA molecules have been approved for clinical trials till now for anti-cancer therapy (Ozcan et al., 2015). Unlike other antisense therapies that have a stoichiometric effect on mRNA, siRNA’s ability to reduce off-target toxicity along with its ability to act with increased potency, makes it a better contender than any other therapeutic molecules. These RNAi molecules can be transported to the patient’s body via either natural carriers like bacteria or virus and using synthetic nanocarriers, the strategic use of these depends on the application, the required duration of the therapeutic, and the targeted tissue (Burnett et al., 2011; Chakraborty et al., 2019). Usually in clinical trials, the natural carriers are used to deliver to target cells ex vivo, which are then reinfused back inside the patient's body. These bacteria and viruses often possess shRNAs that will undergo intracellular modifications to become functional siRNAs. Synthetic carriers like nanoparticles are often delivered systemically through IV injections (Whitehead et al., 2009).
Being that most predominant molecules coming under the category of ‘FDA approved small RNA drugs’ to enter the paradigm of clinical application, nano-conjugated miRNA molecules have not still entered the United States government’s website recording clinical trials. Several pharmaceutical and biotech companies have launched miRNA projects based on miRNA mimics and antagomiRs. Several companies like Dharmacon, BioSyn and GenScript tried to produce natural and chemically modified RNA, to stabilize and reduce the high reactive nature of RNA molecules. While some companies have shown some success, most of them are struggling to impact patient outcomes. For example, FDA halted the Phase1 clinical trial by MiRNA Therapeutics on miRNA mimic, MRX34, as a consequence of adverse side effects in patients caused due to lack of immune tolerance (Ling et al., 2017). MiRagen Therapeutics is actively developing MRG-106, an LNA antagomiR that targets miR-155 and is now in phase1 and phase2 clinical trials. Several companies work in preclinical and large screening studies to identify potential biologic miRNA such as CURNA program by Opko, Alnylam Pharmaceuticals, Interna Technologies and Mello Biotech (Bonneau et al., 2019). The first siRNA-based delivery system that was approved for clinical trials was that of the cyclodextrin polymer (CDP). Denoted as CALAA-01, this CDP polymer attached to polyethylene glycol (PEG), steric stabilization agent, and human transferrin targeted transferrin receptors that are usually found upregulated in cancer cells (Davis, 2009). Calando Pharmaceuticals (Pasadena, CA, United States) in 2010 conjugated siRNA targeting M2 subunit of ribonucleotide reductase to CALAA-01 regressing the tumor growth (Davis et al., 2010). Though there was an intratumoral downregulation of ribonucleotide reductase, the fact that the trial took place only in a few patients made these results preliminary.
Liposomes, being a potential agent in transferring siRNA to the target tissue, many liposome conjugated siRNAs have been sanctioned by the FDA for clinical trials. With an ability to improve siRNA entrapment efficiency, 1,2-dioleoyl sn-glycero-3- phosphatidylcholine (DOPC) when used to encapsulate EphA2 siRNA showed promising results in orthotopic ovarian carcinoma. This conjugate was taken for Phase I clinical trial and is currently in the recruiting phase (Landen et al., 2005). Atu027 is a lipoplexed siRNA that can target the protein kinase N3. Constituting a positively charged AtuFect01, a neutral, fusogenicDPhyPE helper lipid and the PEGylated lipid MPEG-2000-DSPE (Schultheis et al., 2014), Atu027, due to its success in treating lymph node metastases in mouse models of the prostate, pancreatic cancer, and lung metastasis, was approved for clinical trials (Aleku et al., 2008). Silence Therapeutics (London, United Kingdom) conducted Phase I clinical trials and found that it is tolerable and does not show dose-dependent toxicity (Strumberg et al., 2012). The efficacy of Atu027 in clinical trials is also being tested with gemcitabine in metastatic and advanced pancreatic cancer patients.
Stable Nucleic Acid Lipid Particles (SNALP), due to their high bioavailability and enhanced permeability and retention, has become a notable carrier of siRNA in clinical trials. Found to be well tolerated at high dose, SNALP encapsulated version of siRNA targeting PLK1 was taken for Phase I trials by Tekmira Pharmaceuticals Corporation (Burnaby, BC, Canada). Moreover, SNALP was used to create the first dual-targeted siRNA drug. ALN-VSP02, developed by Alnylam Pharmaceuticals (Cambridge, MA, United States), targeted both VEGF and KSP and in Phase I trial was well tolerated at high doses in hepatic and extra hepatic tumor patients (Morrissey et al., 2005; Shen et al., 2012). The first dual-target nanoparticle-based RNAi showed promising results as one of the patients exhibited complete response, and the rest were stable for eight to twelve months of treatment (Mahmoodi Chalbatani et al., 2019). DCR-PHXC-101 is another lipid formulation that has entered the Phase I trial. It targets the transcription factor Myc and is showing metabolic response in patients with solid tumors, multiple myeloma, and lymphoma (Tolcher et al., 2015). Besides these, miniature biodegradable polymeric matrices were loaded with KRASG12D-targeting siRNA to target the K-Ras gene in pancreatic cancer patients. Phase I and II clinical trials on the same showed no evidence of cancer progression (Strand et al., 2019). A summary of the nano-conjugated siRNAs in clinical trials has been presented in the table below (Table 1).
TABLE 1 | A summary of the nano-conjugated siRNAs in clinical trials.
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Despite RNA interference being a promising therapeutic strategy in cancer therapy, it faces a lot of hurdles during the process of being recruited from bench to bedside. Potent and effective gene silencing in the tumor cells is mandatory for determining the efficiency of siRNA-based drugs in combating cancer. To achieve such effective gene knockdown in vivo and in clinical trials, efficient delivery of RNAi molecules to the target tissues is required (Petrocca and Lieberman, 2011). The efficient uptake of siRNA molecules by the cell is usually intercepted due to its high negative charge. These molecules need to survive in the extracellular matrices that constitute the RNA degrading endonucleases. Although endocytosis of these molecules is an elegant strategy to enter the cells, the hassle of releasing the RNA efficiently from the endosome and preventing it from undergoing endosomal degradation is unavoidable. This, along with the fact that siRNAs undergo rapid excretion via the renal system after intravenous injection, is what reduces the potency of naked siRNA-based therapy (Bora et al., 2012).
Another major obstacle to RNAi-based therapeutic strategy is intracellular delivery. This is primarily in the case of treating disseminating cancer cells that cannot be removed through surgery. To combat this, many biotechnological and pharmaceutical companies have come up with multiple delivery strategies. Chemical conjugation of siRNAs to specific molecules, being one of them, has, to an extent, increased the half-life of these molecules in vivo and has thus enhanced the potency of the same in the serum (Braasch et al., 2003; Chiu and Rana, 2003; Layzer et al., 2004). Modification of these nucleic acid molecules so as to have extended cholesterol, glycan, and folate branches that bind to cell receptors and incorporating these within nanocarriers, liposomes, and aptamers to do cell-specific targeting have shown promising results when induced in mice and non-human primates (Elmén et al., 2008). Nevertheless, the fact that only a few siRNAs among these have entered clinical trials and various companies are still working to resolve this RNAi-based molecule delivery problem shows that none of these current solutions are ideal, and the payoff for the same could be enormous.
Besides accomplishing target specificity, developing therapeutic strategies that give minor off-target effects is another major challenge (Jackson et al., 2003). The ultimate answer to such a problem would be to develop an efficient delivery system. Site specific delivery of siRNA, if appropriate, would reduce the number of normal cells exposed, favoring the uptake by cancerous cells and thus reducing the potential off-target effects. This would also minimize the dose to be administered, lowering potential dose-related detrimental side effects. Some of the siRNA molecules can also induce immunostimulatory effects. RNAi-based molecules can induce the innate immune system to release inflammatory cytokines, such as interferon-α, tumor necrosis factor-α, and interleukin-6, which may lead to considerable toxicity (Elbashir et al., 2002; Karikó et al., 2004; Hornung et al., 2005).
However, despite all these drawbacks, RNAi-based cancer therapeutics is still the best option available in bringing about apoptosis of highly malignant cells in a specific manner especially for the tumor cells resistant to conventional therapy. The development of personalized cancer therapies that combine monoclonal antibodies with RNAi has come up due to their ability to complement each other's vulnerabilities (Schultheis et al., 2016). This is also considered more effective than using either alone. RNAi being a revolutionary tool to treat several diseases, through rational strategies that take into consideration all the cautionary drawbacks, could be developed into a powerful weapon that can combat cancer.
CONCLUSION AND FUTURE PROSPECTS
Arising from a complex interplay of oncogenes and tumor suppressor genes, cancer is a collective manifestation of deregulated gene functions. In spite of the innovation of various approaches of therapeutic modalities like chemotherapy, radiotherapy, and immunotherapy to combat cancer, the fact that these strategies have encountered numerous limitations compelled the scientific world to go on a quest for a better treatment paradigm. This is where RNA interference entered basic and clinical research, and revolutionized it. Termed as ‘next generation therapeutic molecules’, alongside recombinant protein and monoclonal antibody, RNAi has shown propitious results in vitro due to its high efficacy, and specificity. Despite its potential, several hurdles arise on the path of using RNAi in vivo due to its instability and short half-life in the serum. To overcome these problems, use of non-viral vector delivery systems that protect the RNAi molecules from degradation have been extensively explored. Drug delivery systems at the nanoscale have a promising future with the demonstrated superiority (by virtue of targeted approach, minimal collateral damage and accumulation at pharmacological levels at the desired site) compared to the traditional chemotherapy modalities. The addition of active targeting molecules to nanoparticles is found to enhance the tumor-targeting and transfection efficiency towards tumor cells. However, the use of nanoparticles too has its own limitations due to cytotoxicity, hurdle of delivery, and immunogenicity that prevents the reach of RNAi from bench to bedside. As constant progress is being made to achieve improved tumor targeting accuracy, interaction of these nanoparticles with the immune system of the host remains an interesting current and future prospect (Zolnik et al., 2010; Bolkestein et al., 2016). The increased uptake of liposomal preparations in therapeutics by tumor cells has been attributed to certain defining features of malignancy such as increased vascular permeability, the microenvironment that is created by the neighboring stroma, the presence or absence of sustentacular cells, the lymphatic composition and mononuclear cell presence etc (Bolkestein et al., 2016). The interaction of chemical mediators such as bradykinin, nitrous oxide and physical factors (such as the smooth muscle in the blood vessel wall) in controlling nanoparticle movement and reach to the tumor site have been demonstrated in certain studies as the real hindrances in large scale adoption of nanoparticles as therapeutic vehicles (Stylianopoulos et al., 2012). These factors are fundamental to the enhanced permeability and retention effect (EPR effect) which holds great importance in nanoparticle and tumor biology (Stylianopoulos et al., 2012; Bolkestein et al., 2016; Golombek et al., 2018).
The immune status of the preclinical model appears to play a role in dictating tumor targeting efficacy of RNAi-nanoparticle therapeutics. Some factors which have been demonstrated to have an effect are opsonization (which is the process of making a target ‘ready’ for an immune system interaction), structural and electrochemical features of the nanoparticle and the duration of nanoparticle presence in the host (retention effect) (Zahednezhad et al., 2019). Mice models with deficient adaptive immune system were demonstrated to have low levels of neoplastic growth inhibition when the kinase inhibitor sorafenib was used, indicating the probable prerequisite of an intact adaptive immune status for the nanoparticles to function (Zhao et al., 2018). The interaction of nanoparticles with immune system components like the complement system and mononuclear phagocyte system has led to clinically observed effects such as CARPA (complement activation-related pseudoallergy) and increased clearance of therapeutic nanoparticles. The variability in antitumor efficacy with the use of CTLA-4 and PD-1 inhibitors (implying the immune status) has led to the question of validity of preclinical models being used (La-Beck and Gabizon, 2017).
The extent of interaction between the immune system and nanoparticles drives the need to test these drug delivery systems in immuno-competent models and humanized mice models (which are often achieved by reconstituting SCID mice with human bone marrow introduction). As the immune system is complex, interaction with other subgroups such as the Th1 and Th2 systems needs to be studied further to have better outcomes (La-Beck and Gabizon, 2017). The gap between the pre-clinical and clinical stages of nanoparticle therapeutics needs to be bridged and the progress might be seen when hurdles such as clearance and toxicity of nanoparticles are circumvented and the use of humanized models is adopted for large scale studies (Rosenblum et al., 2018). With backing of the advantages they offer, this combinatorial therapeutics have the potential to be game changers in attacking cancer cells and tissues and are expected to yield revolutionizing clinical outcomes. Such a future is possible through constant improvement in the materials used in the nanoparticle drug delivery system and by moving towards an individualized and patient centric approach (Golombek et al., 2018), (Navya et al., 2019).
In spite of the remarkable progress made till now in terms of increasing the efficiency of nanobased RNAi delivery system with novel complexation or conjugation approaches, there are still specific challenges posed by cell types in different target organs to be resolved. Therefore, as an important strategy, RNAi therapeutics must be validated for varied targets to obviate this challenge. It would then be conceivable to promptly advance RNAi therapeutics innovatively and empirically to target different tissues and organs by fine tuning nano-based delivery system through experimental studies. Furthermore, the detailed molecular mechanism behind the RNA interference and its off-target effects are to be deciphered as the multi-targeting network of their pathways are often very complicated and challenging. Considering the immense influence our understanding of RNAi regulatory network in neoplasia has in the development of RNAi based anti-cancer therapeutics, there is a compelling need to decipher such networks to place RNAi based therapeutics on a firm footing. Even though novel clinical studies on the same have ushered hope, there is a necessity for the development of more multi-centered, randomized, and placebo-controlled treatment methods that would be effective irrespective of the racial or ethnic variations among the patients. With the development of safe, biocompatible, and biodegradable targeted delivery systems for the clinical application and with proper knowledge on the RNAi networks, this promising alliance of nanotechnology and RNA interference is sure to transform anti-cancer therapeutic methods and interventions in future.
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