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Cancer is one of the deadliest form of diseases in humans, with the 
annual deaths ranging in the millions. Conventional treatments including 
chemotherapy, radiotherapy, or surgery has their limitations, including 
common off-target and non-specific effects. Ribonucleic acid 
interference (RNAi) offers a new strategy for treating cancer by 
silencing specific genes to prevent gene expression. This review 
highlights the application of RNAi-based approach in targeting cancer, 
discusses its potential advantages and limitations, summarizes the 
existing clinical trials and provides a greater understanding of RNAi-
based therapy in cancer. 

Introduction  

Cancer is one of the leading causes of 
mortality worldwide, accounting for nearly 
10 million deaths in 2020 (nearly one in six 
deaths), with the most common cancers 
being breast, lung, colon, rectum, and 
prostate cancers.1 Globally, the incidences 
of cancer have been constantly rising and 
are expected to reach almost 22 million per 
year by 2030.2 Conventional cancer 
treatment usually involves surgery, 
chemotherapy, radiotherapy or a 
combination of those three modalities. 
However, their limitations hinder those 
conventional treatments, including the non-
specific and off-target effects. The 
challenge of managing difficulties in 
treating numerous types of cancer 
necessitates the need for developing new 
strategies to improve treatment outcomes.  

Cancer treatment through ribonucleic 
acid interference (RNAi) is an emerging 
field, which has shown promising evidence. 
Its therapeutic use is mediated through 
non-coding RNAs (ncRNAs), such as small 
interfering RNAs (siRNAs) and microRNAs 
(miRNAs), that act as gene-specific 
silencer. Those ncRNAs will bind and 
activate the RNA-induced silencing 
complex (RISC), a multi-protein complex. 
Subsequently they will bind to target 
messenger RNAs (mRNAs) and will 

degrade and cleave target mRNAs before 
their translation becoming proteins. This 
mechanism will interfere gene expression, 
resulting in post-transcriptional gene 
silencing.3 

One advantage of RNAi-based 
treatment is its precision and accuracy, 
hence able to target the expression of 
specific target genes.4 This means that it 
could potentially circumvent the hurdles 
commonly experienced among patients 
receiving chemotherapies, such as the 
rapid development of drug resistance and 
the risk of systemic toxicity due to the lack 
of specificity.5 However, despite its 
promising applications, an issue that needs 
to be addressed is the issue regarding the 
ease of degradability of such RNA 
molecules.6 Thus, the current focus of 
RNAi treatment is to look for the proper 
delivery methods, which ensures the 
appropriate concentration of the RNA 
reaching the target sites, where it can exert 
its therapeutic effect. 

In this review, the application of RNAi-
based approach in targeting cancer will be 
discussed in detail. In particular, this review 
will discuss its potential advantages and 
limitations, summarize the existing number 
of clinical trials and overall provide a 
greater understanding of RNAi-based 
therapy in cancer. 
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Principles of RNAi 

As shown in Figure 1, the ncRNA 

molecules (e.g., miRNA or siRNA), which 
are double-stranded RNAs, are cleaved 
into shorter fragments by an enzyme called 
Dicer in the cytoplasm. Once this occurs, 
the miRNAs or siRNAs are loaded into the 
RISC, which acts as the key intermediate in 
the whole process. Each of miRNA or 
siRNA is unwound and split into two single-
stranded RNAs, named the passenger and 
the guide strands, respectively. While the 
passenger strand is subsequently cleaved 
by the Ago 2 protein and degraded, the 
guide strand is incorporated into the RISC. 
The RISC then binds to target mRNA 
(through the assistance of the guide 
strand), before it cleaves and degrades 
target mRNA, resulting in inhibition of the 
gene expression.7 
 

 
 

Figure 1. The action mechanism of RNAi. The 
picture was obtained from 

https://www.umassmed.edu/rti/biology/rna/how-rnai-
works/  

 
 
The use of RNAi as therapeutic agent 

Due to its ability to target and silence 
specific genes, RNAi provides a novel 
opportunity to treat various diseases by 
targeting the expression of certain genes 
that are involved in the pathological 
processes.8 Recent therapeutic 
approaches that targeting proteins, such as 
small-molecule inhibitors and 
immunotherapy, have been proven to be 
successful in several cases. However, 
even for protein-based drugs that are 
highly specific in nature (e.g., monoclonal 

antibodies), they are limited to targeting 
either freely circulating proteins or cell-
surface receptors. In contrast, RNAi can 
overcome this limitation as RNAi can 
interfere with the expression of specific 
genes by blocking translation of their 
mRNA transcripts.4 

RNAi-based therapy has been used in 
neurodegenerative diseases, 
cardiovascular diseases, infectious 
diseases and particularly cancer.9 With the 
recent advancements in high-throughput 
sequencing technologies, the profiling of 
gene expression in cancer cells has 
facilitated the discovery of various 
dysregulated genes found in cancer cells. 
For this reason, RNAi therapy has been 
considered as an ideal strategy in silencing 
the expression of oncogenes.8 
 
Strengths and challenges of RNAi 

The application of RNAi-based therapy 
in the treatment of cancers offers several 
advantages. First, it can specifically target 
any gene within the cancerous cells.10 This 
is crucial especially in the field of oncology, 
where many important therapeutic targets 
are currently undruggable using 
conventional drugs and immunotherapy.11 

Second, it can be easily synthesized and 
modified.12 Third, it has good safety and 
efficacy profiles with low immunogenicity 
and it is highly specific with minimum off-
target effects.12 Indeed, RNAi-based 
therapy has shown promising in vitro tumor 
growth suppression and antiproliferative 
effect via the stat6 pathway and PLK113, 

angiogenesis suppression through 
inhibition of receptors such as VEGFs and 
VEGFR-114, as well as inhibition of tumor 
invasion and metastasis through 
chemokines CXCL8 and CXCL11.15 

RNAi-based therapy has shown a great 
potential in terms of its therapeutic 
applications in several diseases including 
cancer.9 However, there are issues that 
hinder RNAi-based therapy from being fully 
accepted into the clinical practice, such as 
its low stability and its delivery into cells.16 
For example, unprotected and unmodified 
RNA molecules are very easily degraded 
by endonucleases and can also trigger an 
immune response within the body.16 
Furthermore, since RNA-based therapy 
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relies on the cytoplasm entrance to exert its 
therapeutic effect, there are various 
challenges encountered during its 
delivery.17 
 
Delivery methods of RNAi 

As mentioned, one main limitation of 
RNAi-based therapy is that RNAs are 
extremely vulnerable to be degraded by 
ribonuclease presents in the body. 
Following their administration, RNA 
molecules are quickly degraded by the 
abundant sera ribonucleases, contributing 
to its short half-life in vivo. Even though 

double-stranded RNAs possess greater 
resistance towards ribonuclease 
degradation than single-stranded RNAs, 
the difference is insignificant.18 Therefore, 
new methods are required to improve the 
resistance of ncRNA. This could be done 
by chemically modifying the RNA 
molecules to improve their stability. These 
chemical modifications can also help to 
solve other issues, such as minimizing 
immunogenicity and reducing off-target 
effects.19 Currently, the common types of 
chemical modification which are studied in 
designing siRNA and miRNA are (i) locked 
and unlocked nucleic acids20; (ii) ribose 2′- 
OH group modification; and (iii) 
phosphorothioate modification.19 Thus, 
depending on the desired function, different 
RNA modifications may be utilized.  

Targeted delivery is another major 
obstacle in ensuring successfulness of 
RNAi-based therapy. Due to the inherently 
unstable nature of RNA, appropriate 
delivery vehicles are required that could 
protect RNA from degradation by 
ribonuclease. In addition, miRNA and 
siRNA have an intracellular site of action 
and thus require the entry of the RNA into 
the cytoplasm. However, due to their high 
molecular weight (∼14–15 kDa) and polar 
nature, the overall properties of RNAi 
makes them poorly permeable across 
cellular membranes.21 Therefore, novel 
delivery vehicles are required to deliver the 
ncRNA to the target site, protect ncRNA 
molecules from premature degradation by 
ribonuclease as well as to aid the cellular 
uptake of ncRNA into the cytoplasm, where 
it will exert its therapeutic effect.22 

There have been numerous efforts put 
into designing and developing various 
delivery vehicles. Briefly, the viral vector 
and non-viral vector will be discussed as 
the RNA-delivery vehicles. 
 
1. Viral Vectors 

The usage of viral vectors, which 
encode either siRNAs or miRNAs, have 
been shown to trigger gene-silencing 
effects in several studies.23 The main 
advantage of using viral vectors is their 
efficient ability to introduce the RNA-
encoding genes into the cellular nucleus 
and ensure high expression of ncRNA. This 
facilitates the expression of multiple copies 
of ncRNA molecule from a single transcript, 
resulting in sustained gene silencing.23 

Several viruses have been utilized for this 
purpose, including lentiviruses24, 
adenoviruses25 as well as adeno-
associated viruses (AAVs).26 

However, there are several concerns in 
regards to the use of viral vectors, such as 
its high immunogenicity and the risk of viral 
genome insertion into the host’s genome 
(i.e., insertional mutagenesis). These 
issues, along with the low packaging 
capacity and high production cost have 
limited the clinical applications of such viral 
vectors.23 As a result, the use of non-viral 
vectors in delivering synthetic siRNAs and 
miRNAs is currently considered to be a 
better alternative due to their better safety 
profile and lower production cost.27 

 
2. Non-viral vectors 

Two main types of non-viral delivery 
systems are lipid-based and polymer-
based systems  

 
A. Lipid-based vector 

A common lipid-based vector is 
liposomes, which are small spherical 
vesicle and are composed of a lipid 
membrane with a hydrophilic core. They 
protect the contents from degradation and 
have beneficial properties due to their low 
toxicity and immunogenicity.28 

Furthermore, due to their hydrophilic 
core and hydrophobic lipid membrane, 
liposomes are able to fuse with the cellular 
membrane, which has a similar 
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characteristic. Following its fusion, the 
contents within the liposomes are released 
into the cytoplasm.29 Liposomes can form a 
lipid complex with nucleic acid through 
electrostatic interaction, which aids in 
improving the overall stability and 
transfection efficiency. In this case, 
liposomes are given a positive charge to 
bind to the negatively charged nucleic acid 
content.30 Cationic liposomes generally 
possess a greater encapsulation’s 
efficiency when compared to their 
negatively charged counterparts. In 
addition, liposomes prolong the half-life of 
RNA in the blood by reducing its 
degradation.30 

One modification to cationic liposomes 
is the addition of polyethylene glycol (PEG) 
to their surface to reduce the overall 
positive charge. This reduces the 
cytotoxicity and immunogenicity of 
liposomes as well as helps in prolonging 
the half-life of RNA in blood’s circulation.31 

In the case of cancer, this modification has 
been shown to induce the uptake of lipid 
complexes into tumor cells as well.9 

Besides liposomes, recent research 
has been focusing on the use of solid lipid 
nanoparticles (LNPs) as transporters. Solid 
LNPs address the issues found in 
liposomes, such as the stability and easier 
mass production due to the homogeneity of 
the particles.32 Solid LNPs are composed of 
cationic lipids, cholesterol and polyethylene 
glycol (PEG), which still able to carry RNA 
and to protect it from degradation.31 Solid 
LNPs generally have more complex 
internal structures as well as greater 
physical stability when compared to the 
less complex liposome.32 An example of the 
usage is Patisiran, which is an siRNA-
based therapy used to treat hereditary 
transthyretin-mediated amyloidosis.33 
 
B. Polymer-based vector 

This refers to the wide range of 
compounds, which are composed of 
monomers that interact with each other to 
form complex structures.34 These materials 
commonly include synthetic polymers, such 
as poly(lactic-co-glycolic acid) (PLGA), 
polylactic acid (PLA), polyethylenimine 
(PEI), but can be composed of natural 

polymers, such as chitosan.35 Similar to the 
lipid-based vector, these polymers are 
cationic structures, which can form 
complexes with negatively charged RNA 
through electrostatic interactions. Several 
advantages of such delivery systems are 
that in addition to the longer half-life, these 
polymers can be refined for delivering 
specific compounds through chemical 
modifications, hence allowing for a better 
control over the content’s release.25 

Chitosan is an example of a widely 
used and naturally derived vector. It is a 
polysaccharide composed of β-(1–4)-linked 
d-glucosamine and N-acetyl-d-glucosamine 
monomers. Due to its positive charge, 
chitosan and several of its derivatives have 
been extensively studied regarding its 
application as a vector for the delivery of 
both RNA and DNA.36 Chitosan/siRNA 
nanoplex formulations have been studied 
for the delivery of PDGF-D and PDGFR-β–
specific siRNA, efficiently reducing 
proliferation and invasion of breast cancer 
cells.37 Oligochitosan nanoparticles have 
also been utilized in delivering siRNA 
against myeloid leukemia 1 (MCL1).38 

PEI is one of the most used synthetic 
cationic polymers for delivering siRNA and 
miRNA, with both straight and branched 
forms in various molecular weights. PEI 
has high cationic charge density, which is 
an advantageous property as it can form 
small and compact complexes with nucleic 
acids.39 It has also shown promising 
evidence of delivering siRNA to silence 
target gene expression.40 Complexes 
composed of PEI and HER-2 receptor-
specific siRNA have been shown to 
produce gene-silencing and anti-tumor 
effects in mice.41 However, the cytotoxic 
effect of PEI in its unmodified state limits its 
clinical application. Thus, PEI should be 
combined with other polymers, such as 
hyaluronic acid, chitosan and PEG, in order 
to reduce its cytotoxicity and improve its 
siRNA delivery capabilities.42 
 

RNAi-based therapy in cancer 

Application of RNAi in cancer is mainly 
seen through the inhibition of tumor anti-
apoptosis genes, inhibition of 
angiogenesis-related factors, inhibition of 
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oncogenes, as well as reduction of tumor 
drug resistance and other hallmark traits of 
cancer. 

 

1. RNAi in Breast Cancer 

Breast cancer is one of the most 
common forms of cancer, with 1 in 7 
women being diagnosed in their lifetime.53 
Breast cancer can be divided into three 
subtypes based on the expression of 
hormone receptors: (i) hormone receptor 
positive (estrogen receptor positive and/or 
progesterone receptor positive), (ii) human 
epidermal growth factor receptor 2/HER2-
enriched (with estrogen receptor negative 
and progesterone receptor negative), and 
(iii) triple negative (estrogen receptor 
negative, progesterone receptor negative 
and HER2 negative).43 Accounting for 15-
25% of invasive breast cancer, the HER2-
enriched subtype has the worst prognosis 
among all subtypes. Although 
Trastuzumab, a HER2-target treatment 
based on monoclonal antibody, has 
subsequently improved patients’ prognosis, 
drug resistance cases are still present and 
common among patients. The utilization of 
siRNA is postulated to be superior to 
antibodies or small molecule inhibitors 
because siRNA can intervene in an earlier 
stage of protein production, compared to 
antibodies or small molecule inhibitors, 
which bind to the protein to prevent its 
function.44 Ngamcherdtrakul et al., 2015 

showed that knockdown of HER2 using 
siRNA(siHER2) was able to increase 
numbers of apoptosis in HER2-enriched 
cancer cells in vitro, compared to HER2-

targeted antibody (Trastuzumab) and a 
small molecule inhibitor (lapatinib).45 
Therefore, this method can potentially 
become an alternative treatment for HER2-
enriched breast cancer.       

 
2. RNAi in Pancreatic Cancer 

Pancreatic ductal adenocarcinoma 

(PDAC) is amongst the deadliest types of 

cancers and is projected to become the 

second leading cause of cancer-related 

death.46 Unlike other forms of solid cancer, 

effective PDAC treatment is unavailable 

thus far. The standard care of PDAC using 

chemotherapy treatments (FOLFIRINOX 

and gemcitabine/nab-paclitaxel) only yields 

a median overall survival of less than a 

year. A siRNA-based drug (Atu027) is 

under development to silence the 

expression of PKN3, a downstream effector 

of PI3 kinase signaling, in the vascular 

endothelium.47,48 If it works, this treatment 

can potentially inhibit the tumor's metastatic 

spread. 

 

3. RNAi in Lung Cancer   

Lung cancer remains the deadliest form 

of the disease, affecting both men and 

women. In 2018, approximately 30,023 

new cases and 26,095 deaths due to lung 

cancer were reported in Indonesia.49 An 

involved gene in lung cancer is 

cyclooxygenase-2 (COX-2) which 

functions to regulate tumor progression, 

metastasis, and anti-tumor immunity. 

However, existent COX-2 inhibitors are 
ineffective to treat lung cancer. An 

alternate approach was designed to 

knockdown the delta-5-desaturase (D5D), 
which will limit the formation of arachidonic 
acid, a substrate for COX-2.50 Preclinical 

studies have explored the possibility of 

using RNAi-based therapy for this 
purpose. Combining epithelial cell 

adhesion molecule (EpCAM) aptamers with 

D5D-specific siRNA and nanoparticles 

that binds D5D-specific siRNA showed   a 

target-specific accumulation by 
suppressing the YAP1/TAZ axis.51 
Inhibited proliferation and induced 

apoptosis of lung cancer cells were indeed 
observed in lung cancer cell lines and 

murine models.51 Thus, the utilization of 

nanoparticle-mediated RNAi-based therapy 
has the potential to overcome the 
constraints of conventional chemotherapy 
by selectively silencing the oncogenes and 
multi-drug resistant genes as well as 
minimizing the adverse risk towards 

healthy cells.52
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Table 1. Clinical trials of RNAi-based therapy for cancers. 

Drug Name 
Clinical 
Phase 

Condition Targets NCT ID References 

Rintatolimod Approved 
in 2017 

Chronic fatigue 
syndrome (CFS) 

TLR3 NCT00215813 [54] 

Lefitolimod 
(MGN1703) 

Phase III Metastatic Colorectal 
Cancer 

TLR9 NCT02077868 [55] 

STP705 Phase II Basal cell carcinoma; 
Cutaneous squamous 

cell carcinoma; 
Hepatocellular 

carcinoma 

TGF-β1 & 
COX-2 

NCT04669808 
& 

NCT04293679 

[56] 

Atu027 Phase II Solid carcinoma; 
Pancreatic ductal 

carcinoma 

PKN3 NCT01808638 [57] 

siG12D 
LODER 

Phase I Pancreatic cancer; 
Pancreatic ductal 
adenocarcinoma 

KRAS G12D NCT01676259 [58] 

APN401 Phase I Pancreatic cancer; 
Colorectal cancer; 

Metastatic melanoma 

Cbl-b NCT03087591 [59] 

TargomiRs Phase I Malignant pleural 
mesothelioma; 

Non-small cell lung 
cancer 

miR-16 NCT02369198 [60] 
 

DCR-BCAT Pre-
clinical 

Hepatocellular 
cancer; Colorectal 

cancer 

CTNNB1 N/A [61] 

 
Clinical trials of RNAi-based therapy for 
cancer  

RNAi-based therapy has made 
remarkable progress in recent years, with 
more and more RNAi-based-drugs 
entering the market with each passing 
year. There are three FDA approved 
siRNA-based-drugs for non-cancer 
diseases thus far. Onpattro® (Patisiran) 
was approved in 2018 for treatment of 
polyneuropathy. Givlaari® (Givosiran) 
targeting mRNA of ALAS1 was approved 
in 2019 for treating acute hepatic 
porphyria (AHP). Oxlumo® (Lumasiran) 
targeting the HAO1mRNA as the 
treatment of primary hyperoxaluria type 1 

was approved in 2020.53 
Currently there is only one RNAi-based 

therapy in the market that has a potential 
to treat tumors. First launched in 2017 in 
Argentina, Rintatolimod, with a tradename 
of Ampligen® in the United States, is a 
mismatched double-stranded RNA 
molecule with immunomodulatory 
properties that acts as a Toll-Like  

 
Receptor 3 agonist.62 Rintatolimod was 
able to reactivate the local immune 
response whilst stimulated the production 
of interferons and tumor necrosis factors.63 
Although this drug is licensed as a 
treatment for severe myalgic 
encephalomyelitis/chronic fatigue 
syndrome, it is currently tested in ongoing 
phase II/III clinical trials to evaluate its 
potential to treat stage II-IV HER2-
enriched breast cancer, pancreatic cancer, 
renal cell carcinoma and other solid form 
tumors. Concurrently, in vitro studies 
suggested that the activation of TLR3 was 
able to induce apoptosis in lung cancer 
cell lines.62 

Other RNAi-based therapy that has 
been determined to be safe in humans 
and are currently tested in advanced 
cancers include Atu027 for solid 
carcinoma and pancreatic ductal 
carcinoma; Lefitolimod for metastatic 
colorectal cancer; and TargomiRs for 
mesothelioma. The summary of currently 
tested RNAi-based therapy is shown in 
Table 1.  
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Conclusions 

Cancer remains to be one of the 
deadliest and leading cause of human 
mortality. The malignant cell’s ability to 
adapt and evade drug-induced cell death 
and immune responses render many 
medical treatments void. The search for a 

more precise and efficacious treatment is 
at the utmost importance. The silencing 
properties of RNAi offers potential in 
combating cancerous cells. As of now, 
many pharmaceutical companies are 
investigating the prospect of using RNAi-
based therapy as cancer treatment.
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