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The historical timeline of important discoveries in RNA biology and key developments in RNA therapy.

Key Points:

1.Understanding the Power of RNA: Early discoveries in mRNA research and 

its role in protein synthesis.

2.The Dawn of RNA Interference (RNAi): Andrew Fire and Craig Mello's Nobel 

Prize-winning breakthrough that opened new doors for gene regulation.

3.RNA Therapeutics Today: Exploring the latest advancements and their 

potential impact on treating genetic disorders and infectious diseases.



Main characteristics of microRNAs and long noncoding RNAs

Noncoding RNAs (ncRNAs) are generated from the larger part of the genome that does not encode proteins but produces noncoding transcripts that 

regulate gene expression and protein function. 

The two major classes of ncRNA are the well-studied short microRNAs (miRNAs) and the more recently identified long ncRNAs (lncRNAs).

• MicroRNAs (miRNAs) are highly conserved, small, 17- to 25-nucleotide (nt), single-stranded ncRNAs that act as gene regulators. Seed 

sequence binding with perfect complementarity results in the degradation of the targeted mRNA, whereas binding with imperfect 

complementarity, which is more common, results in translational inhibition, both of which are facilitated by RISC.

• Long noncoding RNAs (lncRNAs) are larger transcripts (>200nt in size) that are synthesized similarly to mRNAs, but not translated into 

protein. LncRNAs contain two types of functional element, the interactor elements involved in direct physical interaction with other nucleic 

acids, with proteins or lipids, and the structural elements, leading to the occurrence of secondary and/or tertiary 3D RNA structures, which 

direct their functional interactions. 



Why are they useful therapeutically ?

The use of miRNA-based therapeutics has dual advantages.

• First, miRNAs are naturally occurring molecules in human cells, 

unlike man-made chemotherapy compounds or ASOs, and therefore 

have all the mechanisms in place for their processing and 

downstream target selection.

• Second, miRNAs act by targeting multiple genes within one 

pathway, thus causing a broader yet specific response.

• LncRNA targeting may include transcriptional inhibition, post-

transcriptional inhibition, steric hindrance of secondary structure 

formation or protein interactions, introduction of synthetic (for 

example, circular) lncRNAs,

• An interesting development is the exploration of natural antisense 

transcripts (NATs): lncRNAs that are transcribed in the antisense 

direction to coding genes, and negatively regulate them in cis.



Types of RNA-targeting therapeutics

AntimiRs are essentially ASOs designed to be fully or partially 

complementary to an endogenous miRNA to prevent the interaction 

with its target genes. AntimiRs may also be referred to as ‘antagomiRs’ if 

they are conjugated to cholesterol to improve intracellular delivery

Short hairpin RNAs (shRNAs) exploit the miRNA maturation 

pathway, being cleaved by Dicer into a double-stranded mature product 

before RISC loading. ShRNAs are traditionally introduced into cells using 

viral vector systems such as adenovirus-associated viruses, retroviruses 

or lentiviruses. 

ASOs are single-stranded DNA molecules with full complementarity to one select target 

mRNA and may act by blocking protein translation (via steric hindrance), causing mRNA 

degradation (via RNase H cleavage).

Small interfering RNAs (siRNAs) may be single or double stranded and exploit the 

endogenous miRNA pathway and mediate silencing of one, fully complementary mRNA via 

their loading into the RNA-induced silencing complex (RISC)

MiRNA mimics exploit the main advantage of endogenous miRNAs being able to target 

multiple mRNAs at once. miRNA mimics have the same sequence as an endogenous miRNA 

while the passenger strand carries a few mismatches to prevent RISC loading and potential 

action as an anti-microRNA (antimiR)



RNA therapeutics for which clinical development was halted

Main issues:

• Low efficiency

• Formulation and stability issues

• Tolerability and adverse reactions



The translation of RNA-based therapeutics into the clinic 

Specificity issues include undesired on-target effects due to uptake in cells other than the cells of interest, 

or off-target effects caused by either sequence similarities or overdosing to levels much higher than 

expected endogenously

Delivery issues are related to three major points: the instability of ‘naked’, chemically unmodified RNA 

structures; their inefficient intracellular delivery, which requires the exploitation of endosomal escape 

mechanisms; and the lack of delivery vehicles suitable for targeting the organ and cell type of interest.

Tolerability issues are caused by the recognition of RNA structures by pathogen-associated molecular 

pattern (PAMP) receptors, such as Toll-like receptors (TLRs), leading to adverse immune effects. 

The translation of all RNA-based therapeutics into the clinic has been hampered by issues associated with specificity, 

delivery and tolerability



The hurdle of specificity

The quality of an RNA therapeutic is determined by the strength of its on-target specificity as well as the absence 

of off-target and undesired on-target effects.



Cell-specific miRNA modulation

Using a suitable vector under the control of a specific promoter, which is overexpressed in the cells of interest/

 ex. For instance, MYCN is a well-known driving oncogene in neuroblastoma. Therefore, more selective expression of a therapeutic miRNA in neuroblastoma 

cells could be achieved by cloning the miRNA into a vector under the promoter for MYCN.

Targeting precursor miRNAs.

Peptide nucleic acid (PNA) oligomers that target pre-miRNA are exploited to inhibit miRNA maturation. 

PNAs bind to their RNA targets with high specificity as even a single mismatch strongly influences the 

association constant of PNA–RNA interactions.

The hurdle of specificity

Ex vivo manipulations.



Ex vivo manipulations.

Ex vivo manipulations may be more appreciated after successes such as the use of 

chimeric antigen receptor (CAR) T cells and with new possibilities offered by the CRISPR–

Cas9 system

The autologous tumour cell immunotherapeutic Vigil has shown promising results in 

advanced malignancies in phase I1 and II1 clinical trials. 

Vigil is generated from the patient’s tumour cells modified to express recombinant 

granulocyte–macrophage colony-stimulating factor (GM-CSF) and a bifunctional 

shRNA that targets furin. 

Furin inhibition results in downregulation of immunosuppressive cytokines TGFβ1 and 

TGFβ2, thereby supporting T cell responses in the tumour.

The hurdle of specificity



The hurdle of delivery

Efficient delivery of RNA therapeutics not only to the organ and cell type of interest but also across the cell membrane 

to perform their intracellular functions is one of the greatest challenges in the field.



As RNA therapeutics are naturally unstable and unable to cross cell membranes owing to their negative charge, various 

chemical modifications are applied to improve their pharmacokinetics and pharmacodynamics

First-generation modifications

• Replace phosphodiester with phosphothiorate (PT) backbone linkages to 

improve stability.

Second generation modifications 

• Replace the 2′-O-alkyl group of the sugar moieties with, for example, 2′-O-Me, 

2′-MOE or 2′-F to improve bioavailability, enhance efficacy and reduce toxicity 

and immunostimulation.

Third-generation modifications

• Apply changes to the furanose ring to create, for example, locked nucleic acids 

(LNAs), peptide nucleic acids (PNAs) and phosphoramidate morpholino 

oligomers (PMOs). 

First steps, know what to modify



Exosome-mediated miRNA delivery.

Exosomes are considered natural carriers of miRNAs and may present an ideal delivery system owing to their negligible 

antigenicity, minimal cytotoxicity and their ability to bypass the endocytic pathway and circumvent phagocytosis.

From: RNA delivery by extracellular vesicles in mammalian cells and its applications

The hurdle of delivery

https://www.nature.com/articles/s41580-020-0251-y


Bacteriophage and bacterial minicell delivery vehicles

The hurdle of delivery

Several studies have reported bacteriophages as a safe and effective delivery vehicle that can be loaded with RNAs or other drugs. For example, modification 

of MS2 bacteriophages to be used as virus-like particles (VLPs) could protect miRNAs against degradation.

VLPs are nanoparticles devoid of viral genetic material and can self-

assemble from the coat protein into an icosahedral capsid.

Self-assembly of MS2 by interaction 

between a specific MS2 cistron, a 19 nt

sequence known as a pac site, and the 

bacteriophage coat protein allows the 

bacteriophage particles to be loaded 

with RNAs or other molecules.



The hurdle of tolerability/immunogenicity

As a viral defence mechanism, our immune system recognizes both single-stranded (ss) and double-stranded (ds) RNA via diverse extra- 

and intracellular PAMP receptors. 

The predominant pathway recognizing RNA therapeutics is TLR signalling, 

which is mediated through myeloid differentiation factor 88 (MyD88) and 

activates various pathways, resulting in nuclear factor-κB (NF-κB) activation 

and the production of pro-inflammatory cytokines and type I interferon 

response.



POTENTIAL SOLUTIONS

• Using ‘tiny’ antisense RNAs

• As efficient activation of TLRs requires a length of at least 21 nucleotides for 
ssRNA, the design of smaller RNA therapeutics could circumvent the issue. 
Locked nucleic acid (LNA)-modified antimiRs with a short sequence of 7–8 
nucleotides, termed ‘tiny’ LNAs, target the 5′-seed region of miRNAs and can 
enable antagonism and inhibition of an entire miRNA family sharing that seed 
sequence.

• Expanding immune-related adverse reaction screening with TLR interaction methods.

• Not all miRNAs and miRNA therapeutics similarly induce immunogenicity, and the apparent 
difficulty of predicting such responses prompts the use of broader screening methods in 
preclinical studies with appropriate models.



• Applying metronomic miRNA therapy. 

• By analogy with metronomic chemotherapy, we define 
metronomic RNA therapy as regular and frequent 
administration of limited drug doses over a prolonged period, to 
achieve a low, but active, dose range without inducing excessive 
toxicity or immunogenicity.

• Combinatorial RNA therapeutics.

• Combination therapies can also be used to reduce the required 
dose of RNA therapeutics and thus their immunogenicity, for 
example, if used in synergy with chemotherapy, radiotherapy, 
small-molecule-based or immunotherapies.

Modifications at clinical level



OK, BUT ARE THERE ANY 
IMPLEMENTED RNA THERAPEUTICS 

IN THE CLINIC NOW ? 



Currently, 12 RNA-based therapeutics are approved by the

FDA and/or the European Medicines Agency (EMA) aiming

at gene modifications in liver, muscle or the central nervous

system.

All these therapeutics are either siRNAs or ASOs that

cause specific gene downregulation, or ASOs that target

pre-mRNA splicing (that is, inducing exon skipping or

inclusion).

RNA therapeutics approved by the FDA and/or the European Medicines Agency



RNA therapeutics in phase II or III clinical development

A plethora of RNA therapeutics are in phase II or III clinical development, including newer entities such as miRNA mimics 

and antimiRs, but no lncRNA-based therapeutics have entered the clinic.



FUTURE PERSPECTIVES AND 
OUTLOOK 

• Although their delivery to target organs and their efficient introduction into 
cells remain challenging, the many advantages of RNA drugs make the 
development of these technologies a worthwhile investment. 

• Inspired by the development of various novel RNA drugs, including the novel 
COVID-19 vaccines in 2020, many researchers are making unprecedented 
efforts to develop new RNA-based drugs.



THANK YOU FOR 
YOUR ATTENTION !
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