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Abstract
Cancers arise through the progression of multiple genetic and epigenetic defects that lead to deregulation of numerous signalling networks. However, the last decade has seen the development of the concept of ‘oncogene addiction’, where tumours appear to depend on a single oncogene for survival. RNA interference (RNAi) has provided an invaluable tool in the identification of these oncogenes and oncogene-dependent cancers, and also presents great potential as a novel therapeutic strategy against them. Although RNAi therapeutics have demonstrated effective killing of oncogene-dependent cancers in vitro, their efficacy in vivo is severely limited by effective delivery systems. Several virus-based RNAi delivery strategies have been explored but problems arose associated with high immunogenicity, random genome integration and nonspecific targeting. This has directed efforts towards non-viral formulations, including delivery systems based on virus-like particles, liposomes and cationic polymers, which can circumvent some of these problems by immunomasking and the use of specific tumour-targeting ligands. This review outlines the prevalence of oncogene-dependent cancers, evaluates the potential of RNAi-based therapeutics and assesses the relative strengths and weaknesses of different approaches to targeted RNAi delivery. 
Summary statement
This review focuses on the tremendous possibilities brought about by the emerging concept of oncogene addiction and the use of RNAi technology in creating a potentially revolutionising way of combating cancer. 
Short title: RNAi therapeutics for oncogene-dependent cancers
Keywords: Cancer, Oncogene addiction, Targeted therapy, RNAi delivery 

Abbreviations used: AD, adamantane; CDP, cyclodextrin-containing polymers; CML, chronic myeloid (or myelogenous) leukemia; ECE-1, endothelin converting enzyme 1; EGFR, epidermal growth factor receptor; EPR, enhanced permeability and retention; HCC, hepatocellular carcinoma; IKBKE, I Kappa B Kinase ε; IRF4, interferon regulatory factor 4; miRNA, microRNA; MM, multiple myeloma; NSCLC, non-small cell lung carcinoma; PEG, polyethylene glycol; precursor miRNA, pre-miRNA; pri-miRNA, primary miRNA; PSMA, prostate-specific membrane antigen; RISC, RNA-induced silencing complex; RNAi, RNA interference; RRM2, ribonucleotide reductase subunit M2; RSV, Rous Sarcoma virus; SNALPs, stable nucleic acid lipid particles; Tf, transferrin.
1. Introduction
Cancer cells are remarkable in that they are able to display an extraordinary array of properties to promote their survival and growth. Being able to proliferate unchecked by the immune system, not responding to apoptotic or anti-growth signals and their ability to harness support from other cells, such as macrophages are just a few examples 
 ADDIN EN.CITE 
[1, 2]
. 
To be able to maintain these properties, a complex collection of signalling pathways must be affected, both intra- and extracellularly. Exactly how cancerous cells are able to achieve this was unknown until the discovery of oncogenes and the subsequent emergence of evidence for oncogene dependency.
1.1  Discovery of Oncogenes
The detection of the first oncogene, SRC, took decades to achieve. Rous’ preliminary experiments showed that cell filtrates from chicken sarcomas could cause cancer in healthy chickens, suggesting the presence of cancer-inducing agents within the tumour, which were found to be the virus that became known as the Rous Sarcoma Virus (RSV) 3[]
. Such tumour viruses provided the first window in the genetics of cancer biology.

Successive experiments by Baltimore and Temin revealed that RSV had an RNA genome that could convert back to DNA and integrate itself within the host’s genome 4[, 5]
. This discovery identified that a genetic element of the viral genome was responsible for transforming cells, which was subsequently narrowed down to a single gene, the SRC oncogene 6[]
. Homologues of SRC were then found in several species of bird and later across all vertebrates 7[]
, suggesting that the viral oncogene had been acquired from host cells during evolution. This was a crucial development in cancer research as it implied the presence of oncogenes within the host genome that may cause cancer if mutated. This realisation led to the term ‘proto-oncogene’, describing a normal gene present within the genome of the organism, which, when mutated or overexpressed, can induce tumorigenesis. Since then, more than 40 proto-oncogenes have been identified within the human genome.
1.2  The Two-hit Hypothesis

The two-hit hypothesis was proposed following the observation in retinoblastoma patients that two mutations, one in each allele of a tumour suppressor gene, are needed to trigger retinoblastoma 8[]
. A tumour suppressor gene encodes a protein which inhibits cell division when the cell is under unfavourable stress 9[]
. Knudson postulated that one faulty copy of a gene could be inherited but a further somatic mutation in the other allele was needed to produce the disease; those individuals with no inherited faulty copy required two somatic mutations 8[]
. 
The two hit hypothesis was further developed to include the first hit being the activation of a proto-oncogene, which may not be enough to induce cancer as tumour suppressor genes will counteract its effect; therefore, the second hit is the loss-of-function of a tumour suppressor 10[]
. It is now known that multiple genetic alterations occur to trigger tumorigenesis; indeed, it has been shown that as many as 7-10 (epi)genetic events are required to bring about the cancer phenotypes 
 ADDIN EN.CITE 
[1, 11, 12]
.

Originally, this notion of a complex network of interacting pathways in cancers led to the idea that they may be too complicated for simple effective treatments 
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[13, 14]
. However, it has since been shown that knocking down just one specific gene can be sufficient to destroy a cancer. This phenomenon can be classed as oncogene or non-oncogene dependency.
1.3  Oncogene Dependency

First coined by Bernard Weinstein in 2000, the phenomenon of oncogene addiction has now been identified in numerous cancers 
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[2, 15-17]
. This theory proposes that, despite the plethora of genetic alterations that occur in cancer progression, some cancers can become ‘addicted’ to a single oncogene on which they depend for proliferation and survival. Mouse models were initially used to identify and demonstrate oncogene dependency; for instance, the inactivation of oncogenic Myc in mice with osteosarcomas or lymphomas led to significant tumour regression 
 ADDIN EN.CITE 
[18, 19]
. 

However, the state of oncogene addiction is not always permanent. Oncogenic escape has been observed in some tumours, which utilise their genomic instability to mutate around their addiction, by activating other oncogenes rendering the original oncogene redundant 
 ADDIN EN.CITE 
[20, 21]
. In many cases the new oncoprotein influences the same molecular pathway as its predecessor, implying that it may be a particular signalling pathway to which the cancer cells are addicted rather than a specific oncogene per se. This was demonstrated in c-Myc-addicted mammary adenocarcinomas in mice 
 ADDIN EN.CITE 
[22]
: following c-Myc downregulation, full regression was observed in many tumours. However, a subset of tumours continued to proliferate, in which activating mutations in KRAS2, an upstream effector of c-MYC in the MAPK pathway, were identified.
1.4  Non-Oncogene Dependency

Non-oncogene addiction is related to oncogene addiction, but in this case tumours depend on normal genes for their survival 23[]
. One of the best studied examples of this is the dependency of some classes of multiple myelomas on interferon regulatory factor 4 (IRF4) 2[]
, where IRF4 is absolutely required for proliferation and survival despite the fact it is not mutated or amplified 
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[17]
. 
2. Prevalence of (Non-)Oncogene-dependent Cancers
A diverse range of cancers exhibiting (non-)oncogene dependency have now been identified, these are summarised in Table 1. Some well characterised examples, including the oncogene-addicted, non-small cell lung carcinoma (NSCLC) and chronic myelogenous leukemia (CML), and non-oncogene-addicted multiple myelomas (MM), are described in more detail below.

2.1 Oncogene-Dependent Cancers
2.1.1 EGFR in various cancers


Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase found on the plasma membrane of epithelial cells that is involved in initiating growth and proliferation signalling pathways 24[]
. It is an important proto-oncogene due to its prevalence in several cancers, including NSCLC, breast, prostate and ovarian cancers. NSCLC is of particular significance because of the poor patient survival rates. It has been reported that NSCLC represents 85% of lung cancers 
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[25]
, which account for one fifth of all cancer-related deaths 26[]
.
Aberrant EGFR activation in these cancers can arise from mutation or overexpression. Nearly 90% of oncogenic EGFR mutations occur in the cytoplasmic kinase domain, and result in its continuous autophosphorylation 27[]
. The consequence of this is a constitutively active EGFR signalling cascade, through which downstream transcription factors are activated and confer various properties to the cancer phenotype, including angiogenesis, migration, proliferation, stromal invasion and resistance to apoptosis 28[]
. These EGFR mutations are mostly restricted to NSCLC, and are rare in other cancers. Nevertheless, there is still a high incidence of EGFR overexpression in glioblastomas 29[]
, NSCLC, head and neck squamous cell carcinomas, and colorectal cancer 27[]
.

Yamazaki and coworkers provided initial evidence for the therapeutic potential of targeting EGFR in cancers. They demonstrated that a ribozyme, targeted against an aberrant EGFR, could suppress its expression in the ERM5-1 cell line and significantly reduce their tumorigenic capacity in nude mice 30[]
. This provided evidence of tumour dependence on EGFR, which was reinforced by the subsequent emergence and clinical success of EGFR-targeted therapies in various cancers 27[]
. Examples include the small molecule drugs, gefitinib and erlotinib, which inhibit EGFR signalling by competing for ATP-binding sites within its intracellular kinase domain, and initially exhibited great efficacy in NSCLC patients 
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[31, 32]
. However, the success of these drugs was short-lived due to the emergence of drug resistance, often acquired by cancers via mutations in the drug-binding site of EGFR 33[]
, thus highlighting the need for new therapeutic strategies against EGFR-dependent cancers.
2.1.2 BCR-ABL in chronic myeloid leukaemia

BCR-ABL is an oncogene resulting from a chromosomal translocation found in 95% of CML 34[]
, and in some acute myeloid and lymphoblastic leukaemias. The translocation between chromosomes 9 and 22 generates the Philadelphia chromosome, giving rise to a BCR-ABL fusion gene composed of exons 1-3 from BCR and all except the first exon from ABL 35[]
. The identification of this translocation in CML cells provided the first example of a chromosomal translocation in cancer 36[]
, though it was not proven until later that it could induce tumorigenesis. When BCR-ABL was forcibly expressed in mouse models, development of several hematologic malignancies, particularly CML, was observed 37[]
.
Wild-type ABL is a highly regulated tyrosine kinase with roles in the cell cycle, genotoxic stress response and integrin signalling 38[]
. The fusion of BCR-ABL results in the loss of the ABL autoinhibition domain, and ultimately leads to its deregulation 39[]
. This constitutively active tyrosine kinase hyper-phosphorylates a vast range of substrates involved in growth, cell adhesion and inhibition of apoptosis, which results in the induction of tumorigenesis. The dependence of CML on BCR-ABL for survival was demonstrated through the clinical success of BCR-ABL inhibitors, most notably imatinib. Like gefitinib and erlotinib, imatinib is a small molecule tyrosine kinase inhibitor but has high specificity for BCR-ABL; it inhibits BCR-ABL by binding in the active site, locking the kinase in its autoinhibited conformation. The remarkable efficacy of imatinib in CML patients during clinical trials led to its rapid FDA approval to treat the disease in the USA 
 ADDIN EN.CITE 
[40]
. However, it has since emerged that drug resistance can develop in CML patients that renders them unresponsive to imatinib treatment, typically through gene amplification of BCR-ABL or mutations in its catalytic domain 
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[41]
.  Such drug resistance is especially prevalent during the later stages of CML, including the accelerated phase or blast crisis 42[]
. 
2.2 Non-oncogene Dependent Cancers
2.2.1 IRF4 in multiple myeloma
IRF4 is a transcription factor that is required at different stages of B cell development and, in particular, in the differentiation of B cells into plasma cells. In many MM, the malignant plasma cells are dependent on IRF4 for maintenance and survival despite the fact that the gene is not always mutated to an oncogenic form 
 ADDIN EN.CITE 
[17]
. Hence this dependency is termed non-oncogene dependency. IRF4 is of notable significance because current treatments for MM are ineffective and the median survival time is only 3-4 years following initial treatment 
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[43]
.
IRF4 is expressed in acutely activated B cells, and directs them to terminally differentiate into plasma cells by acting as a positive transcriptional regulator of genes involved in differentiation and proliferation. As many as 308 genes are direct or indirect targets of IRF4, of which 101 have been shown to be upregulated in MM cell lines 
 ADDIN EN.CITE 
[17]
. This broad regulation stems from the fact that IRF4 is at the apex in the hierarchy of gene regulators in that it regulates expression of other transcription factors which then further regulate gene expression. Moreover MYC, one transcription factor upregulated by IRF4, is a direct positive regulator of IRF4 itself 
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[17]
. Thus, IRF4 may act in a positive feedback loop to maintain its own expression whilst driving cancer progression.

Dependence of MM on non-oncogenic IRF4 was demonstrated using short hairpin RNA (shRNA) screens with retroviral expression vectors 
 ADDIN EN.CITE 
[17]
. Retroviruses carrying different shRNAs were transfected into MM cell lines and shRNA expression was induced by addition of doxycycline. Several shRNAs targeting IRF4 were identified that were able to kill ten different cell lines, each with a distinct molecular manifestation of MM. One particular shRNA targeting the 3’ untranslated region of IRF4 mRNA reduced its expression by 50-75%, and killed MM cells within 3 days. 

IRF4 is only expressed in lymphoid and myeloid cells 
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[44]
. This tissue specificity makes IRF4 an attractive therapeutic target for MM as (1) the uptake of IRF4-targeting drugs by other tissues will be unlikely to induce significant adverse effects, and (2) healthy blood cells lost due to the action of these drugs can be regenerated by natural haematopoiesis. 

3. RNAi and RNAi-based Therapeutics
Since its discovery in the mid-1990s 
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[45, 46]
, RNAi has rapidly transformed from a curious phenomenon in worms to an invaluable tool in the study of functional genomics. The significance of RNAi technology was underlined by the award of the 2006 Nobel Prize in Physiology or Medicine to Fire and Mello 47[]
.
RNAi describes the cellular process that occurs in various organisms, including mammals, plants and nematodes, whereby double stranded (ds) RNAs mediate specific and potent gene silencing 48[]
. RNAi is believed to have evolved from an early immune mechanism against viruses and transposable elements 49


[ ADDIN EN.CITE ]
. Foreign dsRNAs are recognised and processed by Dicer RNases into 21-24 nucleotide fragments, known as small interfering RNA (siRNA), then loaded onto an Argonaute-containing RNA-induced silencing complex (RISC). One strand of the siRNA (passenger strand) is degraded, whilst the other (guide strand) in complex with RISC searches cytoplasmic RNA for complementary sequences. Once located, Argonaute triggers cleavage of the targeted RNA, thereby silencing expression of the foreign gene. This RNAi pathway forms an important component of innate antiviral immunity in plants, nematodes, fungi and arthropods 49


[ ADDIN EN.CITE ]
.

Another RNAi pathway, the endogenous microRNA (miRNA) pathway, enables post-transcriptional regulation of gene expression in animals and plants 50[]
. This pathway commences with the transcription of primary miRNAs (pri-miRNA) from the host genome. These transcripts are typically excised by a microprocessor complex into 65-70 nucleotide precursor miRNAs (pre-miRNA), which are then exported to the cytoplasm by exportin-5 and Ran GTP 51


[ ADDIN EN.CITE ]
. Similar to the siRNA pathway, precursor miRNAs are processed by Dicer to form 21-26 nucleotide mature miRNAs, which can be loaded onto RISC, termed miRISC. Compared to siRNAs, miRNAs only partially base pair with their target sequences in the 3’-untranslated regions (3’-UTRs) of mRNA, mainly via 7-8 consecutive base pairs of the so-called seed region. Binding of miRISCs to 3’-UTRs inhibits 5’-cap dependent translational initiation and can trigger mRNA degradation. Individual miRNAs usually have several different mRNAs as targets.
To date, 1,872 miRNA sequences have been identified within the human genome (http://microrna.sanger.ac.uk; accessed March 6, 2014) which regulate almost a third of protein-encoding genes 52[]
. Unsurprisingly, endogenous RNAi plays a critical role in regulating numerous vital processes, including cell growth, cell proliferation, apoptosis and tissue differentiation 53[]
.
Cellular RNAi can be exploited to silence a gene of interest by introducing exogenous sxRNA analogues, either siRNA or shRNA, that target its mRNA. SiRNAs are competent for RISC loading, and may directly enter the RNAi pathway once delivered to the cytoplasm (see ‘Non-viral RNAi Delivery’). For shRNAs, viral vectors are typically used to deliver shRNA-encoding genes into cells for expression (see ‘Viral RNAi Delivery’). Expressed shRNA undergoes processing to form siRNA, which can then be loaded onto RISC complexes. Many different sxRNA libraries now exist that cover the entire genomes of both mice and humans, enabling high-throughput loss of function analyses and the identification of essential genes for virtually any cellular process 54[]
. 
RNAi technology has played a key role in the identification of many (non-)oncogene-dependent cancers, and the oncogenes on which they rely. One example of this is the identification of the oncogene, I Kappa B Kinase ε (IKBKE), in breast cancers. A large shRNA library targeting 1,200 genes was used to screen the breast cancer cell line, MCF-7, in which three shRNAs targeting IKBKE were able to reduce proliferation and viability of MCF-7 cells, indicating their dependence on IKBKE for maintenance and survival 55[]
. These findings not only added to the accumulating body of evidence for oncogene dependence in cancers, but also highlighted the therapeutic potential of sxRNA-mediated RNAi against them. 
SxRNAs have several advantages as novel therapeutic agents. They are synthetic and relatively easy to produce compared to protein-based therapeutics, can be rationally designed to target any (non-)oncogene, and can achieve a level of specificity far higher than that of traditional cancer therapeutics. Furthermore, as sxRNAs target (non-)oncogenes at the mRNA level, they may exhibit synergistic effects when used with drugs that target at the protein level. For instance, siRNA-mediated silencing of BCR-ABL and the gene encoding multidrug resistance protein 1 has been shown to sensitise CML cells to imatinib treatment 
 ADDIN EN.CITE 
[56, 57]
, highlighting the potential of such combinatorial therapies.
However, several barriers have severely hindered the progress of RNAi therapeutics towards clinical approval, including the short plasma half-lives of RNAs, their poor cellular uptake, and the lack of tumour-specific targeting. To overcome these barriers, various sxRNA delivery systems have been developed, which aim to (1) protect the RNA from nuclease degradation, (2) evade immune surveillance, (3) prevent rapid renal clearance, (4) promote its accumulation in tumour tissues, (5) deliver the RNA to cancer cells in a highly specific manner, and (6) interact with cellular trafficking pathways to deliver the RNA to appropriate locations within the cell. 
A diverse range of RNAi delivery systems have been explored, these can generally be categorised as viral or non-viral. Selected examples that have shown the most promise in the laboratory or clinical trials are discussed in detail below, but several others exist 58[]
.
3.1 Viral RNAi Delivery

Evolutionary fine-tuning has given viruses the ability to infiltrate specific cells and deliver genetic material for expression, making them an attractive option for delivering RNAi effectors therapeutically. Viral delivery systems typically carry shRNA expression cassettes 59[]
. Non-essential regions within the virus genome can be modified to incorporate a promoter and shRNA of interest, to achieve long-term shRNA expression and hence repression of targeted genes in transfected cells. Adenoviruses, adeno-associated viruses, herpesviruses and lentiviruses are among those that have been tested as shRNA delivery vectors 60[]
. 
Adenoviruses are widely used in gene therapy studies due to their ability to incorporate large genes and deliver them to the nucleus 61[]
. Adenoviral delivery of shRNAs has been demonstrated in several human cancer cell lines, in which delivered shRNAs targeting the mRNA of the tumour suppressor protein, p53, successfully triggered gene silencing 62[]
. Despite these encouraging results from in vitro studies, the inherent, high immunogenicity of adenoviruses has severely limited their use for shRNA delivery in vivo 
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[63, 64]
. 
Systemic administration of adenoviral vectors to human patients leads to high liver uptake and activation of innate immunity, causing severe acute inflammatory responses and even fatalities 65[]
. Moreover, the development of neutralising anti-adenoviral antibodies prohibits repeated drug dosing 66[]
. These findings seriously question the suitability of adenoviral vectors for in vivo applications. However, work is under way to address some of these issues, in particular the immunogenicity and poor targeting of adenoviruses. Various approaches, including addition of polyethylene glycol (PEG) to the virus surface 67[]
, liposomal modification 68[]
, and genetic incorporation of tumour-targeting ligands 61[]
, have shown promising results. 
Lentiviruses, of the Retroviridae family, have also been explored for therapeutic shRNA delivery. Lentiviruses are single stranded RNA viruses with the ability to reverse transcribe their RNA genome into DNA, before inserting the viral DNA into the host genome for expression 69[]
. Brummelkamp and coworkers successfully used lentiviruses to deliver shRNA vectors that targeted an activated K-RAS oncogene to pancreatic cancer cells. Effective knockdown of the oncogene was achieved, resulting in the elimination of the tumorigenic capacity of transfected cancer cells in mice 12[]
.
Another lentiviral shRNA delivery system is currently under clinical evaluation for autologous cell therapy against AIDS-related non-Hodgkin’s lymphoma 70[]
. This involves ex vivo shRNA delivery. Haematopoietic progenitor cells are removed from patients via apheresis, transfected with lentiviral shRNA vectors and then reinfused into the patient. Early results revealed no short-term toxicity associated with the transfected haematopoietic progenitor cells, and two of four patients exhibited persistent expression of the shRNA 
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[71]
.
The major drawback of retroviral shRNA delivery is that random retroviral genome insertion may cause major disruptions to the host genome, resulting in a multitude of problems, including the activation of proto-oncogenes 72[]
. This could be particularly dangerous if a large amount of virus is taken up by untargeted healthy tissues. Thus, retroviruses are not ideal candidates for shRNA delivery in vivo.
Hong and coworkers demonstrated that Herpesvirus saimiri can deliver shRNA targeting the endothelin converting enzyme 1 (ECE-1) into prostate cancer cells 
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[73]
. ECE-1 was selected as the target due to its involvement in the invasion and migration of several cancers, including prostate, lung, breast, colorectal and ovarian 74[]
. The herpesvirus vector was tested in vitro in several cell lines and ex vivo in primary cells from three different forms of prostate cancer. Significant levels of ECE-1 knockdown were observed in all cases, which severely limited the capacity of the cancer cells to migrate and invade 
 ADDIN EN.CITE 
[73]
. However, much in vivo testing is still needed to evaluate the safety of herpesviruses for therapeutic applications, especially considering the well reported tendency of vectors based on herpes simplex virus 1, another member of the herpesviridae family, to trigger severe inflammatory responses in the central nervous system 
 ADDIN EN.CITE 
[75, 76]
. 
3.2 Non-viral RNAi Delivery

Although viral RNAi delivery has proven effective in vitro, its clinical application has largely been deterred by problems associated with its oncogenic potential, lack of tumour-specific targeting, high immunogenicity and difficulty of large scale production. As a result, non-viral RNAi delivery systems, which can potentially circumvent or minimise these problems, have attracted considerable attention in recent years 
 ADDIN EN.CITE 
[77]
. 
Several important parameters need to be considered in the design of a non-viral RNAi delivery system, including:
· Size: Particles should be 10-100 nm in diameter to avoid rapid renal clearance 78[]
, and to accumulate preferentially at disease sites characterised by increased vascular permeability, such as sites of infection or tumour 
 ADDIN EN.CITE 
[79, 80]
. This effect is known as enhanced permeability and retention (EPR).
· Zeta potential: Zeta potential is a measure of the magnitude of the electrostatic attraction or repulsion between particles, and is related to their surface charge. To minimize nonspecific electrostatic interactions with cells, which typically display a zeta potential within the range of -5 to -20 mV 
 ADDIN EN.CITE 
[81, 82]
, and to reduce macrophage uptake, a small negative zeta potential is generally desirable for nanoparticles 83[]
.
· Immunomasking: A highly immunogenic delivery system can trigger potentially lethal inflammatory responses in patients, as seen with adenoviruses, and also prohibits repeated dosing. This can be minimised in non-viral delivery systems via surface coverage with PEG molecules, which mask epitopes from the immune system 
 ADDIN EN.CITE 
[84]
.
· Targeting: One common problem with many conventional cancer drugs in use today is a lack of specificity. They are readily internalised by healthy as well as cancer cells, thus producing side effects. To this end, ligands that bind cancer cell surface markers can be incorporated into non-viral RNAi delivery systems. These markers are typically receptors which are overexpressed on cancer cells, such as EGFR, and receptors for transferrin (Tf) and folate 
 ADDIN EN.CITE 
[77]
. Targeting agents can be natural receptor ligands like Tf or synthetic ones like peptide or nucleic acid aptamers 85[]
. Aside from preferential binding to cancer cells, targeting ligands also offer a mechanism of cell entry by receptor-mediated endocytosis 
 ADDIN EN.CITE 
[86]
.
· Endosomal escape: Following endocytosis, the delivery system and sxRNA must escape the endosome into the cytosol, where the sxRNA mediates its effect. This may be achieved by incorporating endosomal buffering ligands, such as histidine-rich peptides and polyethyleneimine. These ligands can absorb protons as they are pumped into the endosome, acting as ‘proton sponges’, and promoting further proton influx. This in turn is coupled to an increased influx of chloride ions and water, resulting in the osmotic swelling and eventual rupture of the endosome, which can then release its contents into the cytosol 87[]
.  
A diverse range of non-viral RNAi delivery systems have been tested and some are already in advanced stages of clinical trials. A selection of some of the most promising formulations is highlighted below.
3.2.1 Virus-like Particles (VLPs)
Similar to viral delivery, RNAi delivery by VLPs relies on capsids for the encapsidation, nuclease protection and intracellular delivery of RNAs. However, several important distinctions exist between the two types of delivery system. 
Firstly, VLP delivery utilises capsids of simple viruses, typically bacteriophages, to deliver siRNAs to cells, rather than complex, genetically-modified human viruses to deliver shRNA. Because siRNAs can directly enter the RNAi pathway and do not require expression from a vector, the virus genome can be removed, avoiding problems associated with host genome integration, as seen in retroviral shRNA delivery. Secondly, the components of a VLP delivery system are relatively simple and cheap to prepare. Coat protein subunits that constitute capsids can be produced in large quantities and purified from recombinant E. coli expression systems 
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[88, 89]
. In vitro assembly can then be performed to trigger capsid formation and package sxRNA cargo 
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[90, 91]
 (Figure 1). Thirdly, VLPs can be surface-modified to incorporate a range of useful ligands for immunomasking and targeting 
 ADDIN EN.CITE 
[77, 89, 90, 92]
. Thus, the resultant semi-synthetic particles, whilst retaining desirable viral attributes for RNAi delivery, exhibit enhanced functionalities. 
Research on VLP-mediated siRNA delivery has mostly been based on bacteriophage MS2 (Figure 1) 
 ADDIN EN.CITE 
[90, 91]
. MS2 is a well characterised T=3 icosahedral virus, with a 180-subunit capsid encapsidating its single-stranded RNA genome 93[]
. The ease of producing MS2 coat proteins, the robust nature of its capsids, and the abundance of reactive amines on its surface for multivalent ligand display are some reasons for its selection as a model VLP delivery system. MS2 capsids are pH-sensitive, readily disassembling at acidic pH and reassembling upon mixing with a packaging signal, TR, at neutral pH (Figure 1). This not only enables simple siRNA packaging, but also provides a mechanism of siRNA release upon entering the acidic environment of the endosome. With a diameter of 26 nm, MS2 capsids are ideal to benefit from enhanced permeability and retention (EPR). Further, MS2 capsids have a zeta potential of -25 mV 94[]
, thus are unlikely to have strong electrostatic interactions with cells; this may also be adjusted via surface modifications if required. 
MS2 VLPs have recently been used to deliver siRNA targeted against the anti-apoptotic factor, BCL2, to HeLa cells 
 ADDIN EN.CITE 
[90]
. Tf was conjugated to the VLP surface as a targeting ligand. VLPs successfully delivered siRNAs to the cancer cells in a Tf receptor-dependent manner, with significant levels of BCL2 knockdown and cell death observed at nanomolar siRNA concentrations. The efficiency of siRNA delivery by VLPs was comparable to that by a commercially available liposomal agent, although VLP-delivered siRNAs appeared to be more active.   

MS2 VLPs have also been targeted to hepatocellular carcinoma (HCC) cells for siRNA delivery 
 ADDIN EN.CITE 
[91]
. A cocktail of siRNAs targeting the mRNA of several cyclins, whose overexpression is associated with hepatocarcinogenesis 
 ADDIN EN.CITE 
[95]
, were packaged inside MS2 VLPs. The VLP surface was then decorated with (1) PEG for immunomasking, (2) SP94, a targeting peptide previously identified by affinity selection from a phage display library against HCC cell surface targets 
 ADDIN EN.CITE 
[96]
, and (3) a histidine-rich peptide to promote endosomal escape. Gene silencing of targeted cyclins, growth arrest and apoptosis were observed at picomolar siRNA concentrations in HCC cells, but not in normal hepatocyte cells. This demonstrated the ability of VLPs to simultaneously deliver different siRNAs to targeted cells, and to achieve multiple gene knockdowns. Such combination therapies may play a significant role in the treatment of tumours in which a diverse set of mutations are present 97[]
.

Preliminary in vivo testing of VLP-mediated RNAi delivery has recently been carried out 
 ADDIN EN.CITE 
[98, 99]
. MS2 VLPs packaging a pre-miRNA, pre-miR146a, were surface-decorated with HIV Tat peptides for cell penetration; no cell-targeting ligands were used. Upon intravenous delivery to mice, these VLPs displayed widespread biodistribution in the plasma, lung, spleen and kidney, where high levels of mature miR146a were detected and knockdown of known targets of miR146a was observed. Additionally, no off-target toxicities in VLP-treated mice were reported. 
Despite these promising data, more is required, in particular detailed pharmacokinetic and long-term safety profiles of VLPs in vivo, to fully assess their suitability for entering clinical trials as an RNAi delivery system. 
3.2.2 Cationic Liposomes
Since its first report two decades ago 
 ADDIN EN.CITE 
[100]
, significant progress has been made towards the use of cationic liposomes for the cellular delivery of nucleic acids, particularly siRNAs. This delivery system self-assembles with siRNA via electrostatic interactions between positively charged lipids and the negatively charged phosphate backbone of siRNA, forming lipoplexes. Lipoplexes protect encapsulated siRNA from nuclease degradation, and facilitate their transport across the cell membrane.  
Cationic liposomes can be constituted from a variety of lipidic components, including phospholipids, cholesterols, cationic lipids and various lipid-like materials. Lipid composition can greatly influence the physical properties of liposomes 101[]
 and their delivery efficiency 
 ADDIN EN.CITE 
[102]
. For instance, cholesterols are commonly included to improve liposomal stability and uptake 103[]
. Some cationic derivatives of cholesterol can also facilitate endosomal escape 104[]
. PEGylated lipids can be incorporated to confer steric stabilisation to the nanoparticle, and prolong its blood circulation by evading the mononuclear phagocyte system 
 ADDIN EN.CITE 
[105, 106]
. These PEG-displaying liposomes are termed stable nucleic acid lipid particles (SNALPs). Amino lipid derivatives containing cleavable ester bonds have recently been developed to improve biodegradability of liposomes 
 ADDIN EN.CITE 
[107]
. A wide range of methods for liposome preparation are available, which can also influence important properties such as the size and dispersity of liposomes 108[]
.
Nucleic acid delivery by cationic liposomes is well established, as demonstrated by the prevalence of commercially available products such as Lipofectin, Oligofectamine, Lipofectamine and RNAifect, which are commonly used in laboratories to enhance siRNA delivery in vitro 
 ADDIN EN.CITE 
[109-111]
. Furthermore, nearly half of the most promising siRNA drug candidates currently in clinical trials are formulated with cationic liposome systems for delivery 112[]
. For example, Alnylam Pharmaceuticals' SNALP-based drug ALN-VSP02, which is used to treat liver cancer, delivers siRNAs targeted against the mRNAs of vascular endothelial growth factor and kinesin spindle protein, both of which have important roles in tumour proliferation and survival. ALN-VSP02 has suitable physical properties for delivering siRNA in vivo, including a diameter of 80-100 nm and a small zeta potential of <6 mV at pH 7.4. Intravenous administration of ALN-VSP02 in patients with advanced cancer and liver metastases gave encouraging results, including siRNA-mediated cleavage of targeted mRNAs in the liver and pronounced tumour regression 
 ADDIN EN.CITE 
[113]
. One potential disadvantage of current liposomal siRNA drug candidates, including ALN-VSP02, is the lack of a targeting mechanism for cancer cells. As a result, significant levels of siRNA may be taken up by healthy cells alongside the cancer cells. 
It is notable that liposomes are already clinically approved to deliver other drugs, such as doxorubicin and daunorubicin, in the treatment of various cancers 114[]
. Whether this platform will prove to be the most effective for delivering siRNA therapeutics remains to be seen. 
3.2.3 Cyclodextrin-containing Polymers

Cyclodextrins are cyclic oligosaccharides that are biocompatible, exhibit low toxicity and immunogenicity in humans, and have strong resistance to degradation by human enzymes 115[]
. They can be incorporated into a cationic linear backbone to form cyclodextrin-containing polymers (CDPs, Figure 2A), which can package siRNA for intracellular delivery. 
One prominent example of CDP-based siRNA delivery is the RNAi/Oligonucleotide Nanoparticle Delivery, or RONDEL platform 116[]
. At the heart of RONDEL are CDPs which consist of 5-6 repeating units of β-cyclodextrin coupled to amidine charge centres and terminal imidazoles (Figure 2A). These CDPs provide several functions to the delivery system: (1) positively charged amidines enable electrostatic interactions with siRNA, (2) CDPs condense siRNAs into nanoparticles and protect them from nuclease degradation, and (3) imidazole groups utilise the proton sponge effect to promote endosomal escape.

CDPs also serve as a structural scaffold onto which additional components can be incorporated, including PEG for steric stabilisation 117[]
 and immunomasking of the delivery system 
 ADDIN EN.CITE 
[118]
, and Tf for preferential tumour-targeting. By coupling PEG and PEG-Tf to adamantane, a cycloalkane which forms high affinity inclusion complexes with β-cyclodextrin 119[]
, the CDP-siRNA core can be non-covalently surface decorated with these ligands (Figure 2B). Assembled nanoparticles are 70 nm in diameter and thus benefit from EPR, and each contains approximately 10,000 CDPs, 2,000 siRNAs, 4,000 PEG-adamantanes and 100 Tf-PEG-adamatanes 
 ADDIN EN.CITE 
[120]
. Furthermore, the zeta potential of RONDEL particles can be adjusted from +15 mV to -25 mV through incorporation of AD-PEGs modified to contain an anionic charge 121[]
.
RONDEL demonstrated good efficacy when tested in a metastatic murine model of Ewing’s sarcoma, in which RONDEL was used to deliver siRNAs that targeted the EWS/Fli1 fusion oncogene, resulting in effective silencing of the oncogene and significant anti-tumour effects 
 ADDIN EN.CITE 
[122]
. Further, good tolerability of the delivery system was shown in cynomolgus monkeys at dosages of 3 and 9 mg siRNA/kg 
 ADDIN EN.CITE 
[118]
. These promising results led to the advancement of RONDEL into clinical trials. Calando Pharmaceuticals’ CALAA-01, a drug candidate currently undergoing phase 1b clinical evaluation 112[]
, utilises RONDEL to deliver systemically siRNA targeted against the M2 subunit of ribonucleotide reductase (RRM2) to solid tumours. Ribonucleotide reductase is required for DNA synthesis and is a key component in the proliferation of cancer cells 123[]
. CALAA-01 has so far demonstrated promising results in human patients with metastatic melanoma refractory to standard therapies, in which delivered siRNAs localised to tumours, and levels of RRM2 mRNA decreased in a dose-dependent manner 124[]
.
3.2.4 Chemical Modification

Whilst polymer-based delivery systems protect siRNAs from serum nucleases, they do not offer the same protection against intracellular nucleases upon cytoplasmic delivery. For this reason, chemical modifications are commonly made to siRNAs to confer resistance to these intracellular nucleases and hence increase silencing persistence 125[]
. Modifications typically involve the addition of phosphorothioate linkages to the phosphate backbone of siRNA, or substitution of 2′-hydroxyls with 2′-methoxy or 2′-fluoro groups on ribose sugars 126[]
. Importantly, these modifications do not reduce siRNA activity 
 ADDIN EN.CITE 
[127]
. In fact recent studies have identified 2′-hydroxyl modifications at defined positions on the guide strand which increase siRNA potency 128[]
.
Chemical modifications can also enhance other pharmacological properties of siRNA. For example, 2′-methoxy groups on the passenger strand, can reduce immunogenicity by preventing siRNA interaction with Toll-like receptors thus averting the type I interferon pathway 129[]
. Off-target effects, whereby siRNAs trigger silencing of partially complementary mRNA, can also be mitigated by 2′-methoxy substitutions at certain positions on the guide strand 
 ADDIN EN.CITE 
[130]
.
More recently, modifications with locked nucleic acids (LNA) and unlocked nucleic acids (UNA) have shown to improve several aspects of siRNA function 131[]
. In LNA, a methylene bridge links the 2′-oxygen and 4′-carbon of the ribose, locking the sugar ring in a C3′-endo conformation. Strategic incorporation of LNA into siRNAs increases their thermostability, and can increase nuclease resistance 
 ADDIN EN.CITE 
[132, 133]
, reduce immunogenicity 
 ADDIN EN.CITE 
[134]
, and mitigate off-target effects 135[]
. Conversely, incorporation of UNA, which lack a C2′-C3′ bond in their ribose groups, at certain positions in siRNA can lead to local destabilisation of the duplex 
 ADDIN EN.CITE 
[136]
. Such modifications have shown to reduce off-targeting 
 ADDIN EN.CITE 
[137]
 and improve the biostability of siRNAs 
 ADDIN EN.CITE 
[138]
.
One modification which can promote tumour-targeting of siRNAs is the covalent attachment of a nucleic acid aptamer 85[]
. Similar to antibodies, nucleic acid aptamers can bind to a large number of biomolecules and display a high degree of specificity and affinity to their targets 139[]
. Aptamers offer several advantages over antibodies. They can be selected against any protein or cell targets via automated in vitro selection. They are amenable to simple chemical modifications as well as relatively cheap mass production. They elicit little immune response and their smaller size may facilitate access to epitopes that are inaccessible to antibodies 
 ADDIN EN.CITE 
[140]
. 
The use of aptamer-siRNA chimaeras has been demonstrated by the Giangrande group 141[]
, who used an aptamer targeting the prostate-specific membrane antigen (PSMA), an overexpressed surface marker in prostate cancers, conjugated to siRNAs against BCL2 and polo-like kinase 1. Aptamer-conjugated siRNAs were specifically internalised into prostate cancer cells via PSMA, and induced knockdown of targeted genes as well as cell death. In contrast, few effects were observed with unmodified siRNAs or when aptamer-siRNAs were incubated with non-PSMA expressing cells. These aptamer-siRNA conjugates demonstrated great efficacy when tested in vivo, which led to significant regression of PSMA-expressing tumours upon systemic administration in mice 
 ADDIN EN.CITE 
[142]
.
Six of the fourteen most promising siRNA therapeutics in clinical trials are chemically modified, naked siRNAs 112[]
. It is notable that despite the advantages of these modifications, such RNA-only formulations may still encounter problems such as rapid renal clearance due to their small size, or undesired electrostatic interactions with serum proteins. Therefore, it seems likely that it will be ultimately more effective to package chemically modified siRNAs inside polymer-based delivery systems.
3.3  Problems Associated with RNAi Therapy
Although RNAi holds huge therapeutic promise, it might not be as effective as it first appeared. Problems associated with off-target effects have been observed,  whereby different mRNAs with siRNA seed matches in their 3-UTR' are bound and repressed by the siRNA/RISC complex 143[]
. Off-target effects can also result from aberrant loading of the passenger strand into the RISC complex, possibly targeting other mRNAs and leading to their knockdown 
 ADDIN EN.CITE 
[144]
. These highlight the need for careful sxRNA design to avoid sequence similarity in other genes to the target mRNA. Algorithms have been developed to facilitate specific siRNA design to reduce the likelihood of these off-target effects 145[]
. Modifications to the passenger strand can also be used to this end 
 ADDIN EN.CITE 
[146, 147]
. 
Exogenous RNA is known to induce cellular stress responses and cause toxicity in vivo 59[]
. For sxRNAs, toxicities can arise as a result of the saturation of endogenous RNAi pathways in cells, in which important natural miRNAs are outcompeted for interaction with limiting cellular factors. Several studies have reported hepatotoxic side effects of high shRNA expression in the liver of mice, which correlated with the downregulation of liver-derived miRNAs and the upregulation of miRNA-controlled hepatic genes 
 ADDIN EN.CITE 
[148, 149]
. Further experiments revealed that the silencing capacity of both shRNAs and miRNAs can be improved by overexpressing exportin-5 in mice 
 ADDIN EN.CITE 
[148]
. Exportin-5 is a protein of low abundance that is essential for the nuclear export of shRNAs, miRNAs and tRNAs, hence the data suggests it might be one limiting factor over which shRNAs and miRNAs compete to exert their silencing effects. 
These studies underline the need for stringent control over sxRNA dosing for therapeutic applications in vivo. For viral shRNA delivery, the use of a moderate promoter and limited vector dosages should be considered to avoid saturating endogenous RNAi pathways and adverse effects in healthy cells. For non-viral siRNA delivery, as well as limiting dosages, the incorporation of PEG and tumour-targeting ligands could be considered to promote preferential siRNA uptake by cancer cells and mitigate uptake by healthy cells. 
4. Conclusion
RNAi technology has undoubtedly developed into a powerful laboratory tool in the last two decades, but the hypothesis that it can be translated into an effective therapeutic strategy for cancer remains to be proven. The development of RNAi-based anti-cancer therapeutics is motivated by several factors. First, the inability of some conventional cancer treatments, such as chemotherapy and radiation, to specifically and fully eradicate cancers has shifted the emphasis towards more effective, targeted therapies. Second, despite the complex array of processes associated with tumour formation and maintenance, some cancers appear to be addicted to single gene products for their survival. This (non-)oncogene dependence has been dubbed the ‘Achilles’ heel’ of cancers 15[]
, potentially yielding effective therapies that specifically target these genes for silencing. Finally, despite the tremendous success of drugs such as imatinib and gefitinib in the treatment of various cancers, one recurring problem has been the emergence of drug resistance, typically through gene mutations. This emphasises the importance of novel, targeted therapeutic strategies against cancers.  
Various strategies have been explored to improve the pharmacological properties of sxRNA, by enhancing their stability, prolonging their plasma half-lives, promoting their cellular uptake, and facilitating tumour-specific targeting. The natural ability of viruses to deliver genetic material to cells makes them an attractive option for delivering shRNA expression vectors. However, problems with high immunogenicity, lack of tumour-specific targeting and the oncogenic potential of insertional mutagenesis have directed efforts towards non-viral siRNA delivery, which can circumvent these issues. A diverse range of promising nanoparticulate delivery systems have emerged from laboratories, some of which are already in clinical trials. Development of these platforms will be crucial to making RNAi a viable therapeutic strategy against cancer. 
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Figure 1. Construction of an MS2 VLP-based siRNA delivery system. 
MS2 coat proteins associate as non-covalent dimers (magenta, PDB: 1MSC). Capsid assembly from these dimers can be triggered at neutral pH by addition of the MS2 translational operator (TR), a 19-nt RNA stem-loop 
 ADDIN EN.CITE 
[150, 151]
. TR-binding induces a conformation change in the coat protein dimer (green, PDB: 1ZDI), which can then act as an assembly initiation complex 
 ADDIN EN.CITE 
[152, 153]
. Any siRNA conjugated to TR will be packaged inside assembled capsids 90[]
. The capsid surface can then be chemically modified to display ligands for immunomasking, endosomal escape or tumour targeting. Examples presented include PEG, a nucleic acid aptamer, transferrin (Tf) and an antibody. These are not drawn to scale.
Figure 2. The RONDEL siRNA delivery platform. 
(A) Chemical structure of a cyclodextrin-containing polymer (CDP) composed of repeating units of β–cyclodextrin, positively charged amidine centres and terminal imidazoles. (B) Schematic illustrating RONDEL assembly. CDPs form high affinity inclusion complexes with adamantane (AD) coupled to PEG or PEG-Tf. Addition of siRNAs triggers compaction of the components via electrostatic interactions between amidines within CDPs and the phosphate backbone of siRNA. The resulting nanoparticle, approximately 70 nm in diameter, contains condensed siRNAs in its core and multiple PEG and PEG-Tf ligands on its exterior. Adapted from 121[]
.   
Table 1. Summary of (non-)oncogene dependencies and their incidence in cancers. 
Abbreviations: NSCLC, non-small cell lung cancer; CML, chronic myeloid leukaemia, AML, acute myeloid leukaemia; ALL, acute lymphoblastic leukaemia. Dash indicates not applicable.
(Table 1 is presented on p 33.)
	
	PROTEIN
	FUNCTION
	CANCERS IN WHICH MUTATED
	CANCERS IN WHICH OVEREXPRESSED
	REFERENCE

	ONCOGENE DEPENDENT
	EGFR
	Cell surface receptor tyrosine kinase; induction of various proliferative pathways including the MAP kinase and PI3K pathways
	NSCLC
	Various epithelial cancers including 40% glioblastomas,
10-20% squamous cell carcinomas, NSCLC, breast, head and neck, gastric, colorectal, prostate, bladder, renal, pancreatic, ovarian


	
 ADDIN EN.CITE 
[27, 154, 155]


	
	K-RAS
	Signal transduction intermediate for mitogenic and anti-apoptotic stimuli
	>50% colorectal; 75% pancreatic; 48% NSCLC; 44% adrenocortical tumours
	5-10% lung, ovarian and bladder carcinomas
	
 ADDIN EN.CITE 
[154, 156]


	
	IKBKE
	Serine/ threonine protein kinase; anti-apoptotic
	-
	30% breast, ovarian, prostate, glioma
	
 ADDIN EN.CITE 
[157]


	
	MET
	Cell surface receptor tyrosine kinase; induction of various proliferative pathways
	-
	20% gastric carcinomas, NSCLC, 4% oesophageal & lung
	
 ADDIN EN.CITE 
[154, 158, 159]


	
	BCR-ABL
	Tyrosine kinase; ABL normally a regulator of the cell cycle 
	95% CML, 30% ALL, 2% AML
	-
	
 ADDIN EN.CITE 
[34, 160]


	
	c-KIT
	Receptor tyrosine kinase 
	Gastrointestinal stromal tumours
	Gastrointestinal stromal tumours
	16[]


	
	HER2/ ERBB2
	Cell surface receptor tyrosine kinase related to EGFR
	-
	30% breast, ovarian, NSCLC
	161[]


	NON-ONCOGENE DEPENDENT
	VEGF (extrinsic)
	Signal protein; promote growth of blood vessels
	-
	-
	16[]


	
	IRF4 (intrinsic)
	Transcription factor; B-cell differentiation and proliferation
	Multiple myeloma
	-
	
 ADDIN EN.CITE 
[162]


	
	CHK1 (intrinsic)
	Cell cycle checkpoint kinase; DNA damage response and cell cycle arrest
	-
	-
	163[]


	
	COX2 (extrinsic)
	Roles in immune suppression, angiogenesis, invasiveness
	-
	Colorectal, breast, pancreatic, NSCLC
	164[]
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