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Earlier this year we celebrated the 20th Anniversary of RNA Interference in Mammalian Cells. In 
this article, we are going to discuss small interfering RNA (siRNA), a key mechanism that induces 
gene silencing in the RNAi pathway. siRNAs are highly specific, making them a powerful tool to 
suppress the expression of specific genes, but they did require a significant amount of 
development before being usable to treat disease. After nearly two decades of research and 
development, our community celebrated when the first siRNA-based RNAi drug gained 
approval by regulatory agencies to treat patients, and three more swiftly followed. Knowledge 
in this field is continually expanding and many more siRNA-based therapies are in development. 
Elements involved in creating siRNA therapeutics are continuously being developed, improved, 
and refined. 

 

The Discovery of the Role of siRNA in the RNAi Pathway 

The human genome is made up of approximately 3 billion base pairs of DNA which are 
organized in specific patterns to create tens of thousands of different genes. In each cell, only 
some of the genes are expressed. 

Many of the genes provide instructions to create specific proteins and others (called noncoding 
genes) do not. The instructions are copied into mRNA, then the mRNA leaves the nucleus of the 
cell and enters the cytoplasm where it is translated into specific amino acids that combine to 



form proteins. The process of creating proteins is important because improper production or 
formation of proteins can cause diseases that are often debilitating and/or fatal.  

RNA interference (RNAi) is a biological pathway that regulates which genes are expressed and 
allowed to form proteins, protects the genome from transposons (which can cause damage to 
the genome), and plays a role in immunity in some organisms. It also controls vital processes 
such as cell growth and proliferation, and tissue differentiation (1).  

In the RNAi pathway, small pieces of double-stranded RNA (dsRNA) bind to Dicer, an enzyme 
that cleaves the RNA into fragments that are 21-23 nucleotides long. These fragments are then 
bound to an argonaute protein (AGO) creating a complex called RNA induced silencing complex 
(RISC) that separates the strands, eliminating one and retaining the other. The surviving strand 
of RNA is used to detect and pair with complementary mRNA molecules. Once the mRNA is 
bound to the RISC complex, it is cleaved and degraded, preventing protein synthesis and 
silencing expression of that gene. The mRNA molecules may be those that are transcribed from 
DNA and, in some organisms, the mRNA may come from viruses or other exogenous sources 
(2). 

As you can imagine, uncovering this process required the efforts of multiple teams over many 
years. You can read an excellent detailed history of the various discoveries that illuminated the 
RNAi pathway here, and we will cover a few highlights that led to the therapeutic use of siRNA.  

Fire and Mello first discovered that RNAi required double-stranded RNA to silence genes and 
published the information in 1998. They had realized that single-strand RNA produced no result 
in silencing gene expression, but when they injected dsRNA that coded for a muscle protein into 
C. elegans worms, the worm would twitch in the same way that worms carrying a defective 
gene would (3). Fire and Mello were awarded The Nobel Prize in Physiology or Medicine for 
2006 for the discovery of this mechanism.  

In the following years, it was discovered that shorter double-stranded RNA molecules, called 
small interfering RNA (siRNA), were effective for RNAi specificity (4, 5, 6). In 2001, Elbashir et. al 
proved that 21 nucleotide (nt) long dsRNA could silence genes in mammalian cells, while 
introducing longer strands created an interferon response, diminishing the specificity of RNAi 
(7, 8). This opened up the possibility of utilizing RNAi in mammalian cells and beyond. 

 

RNAi therapeutics utilize the conserved pathway. 

RNAi therapies work within this biologically conserved pathway, with slight differences. There 
are two RNAi modalities that knockdown expression of targeted genes: small interfering RNA 
(siRNA) and microRNA (miRNA). Today we are focusing on siRNA.  

Synthetic double-stranded siRNA is created to match the mRNA transcript of a gene and 
introduced to the cell through various methods. Inside the cell, Dicer is bypassed, since the RNA 



is already the ideal length. The siRNA is bound to the argonaute protein and the RNAi 
mechanism proceeds as it naturally would. The siRNA unwinds, becoming two separate strands. 
One strand is released and degrades while the other is retained and forms the RISC complex 
which finds and binds with the target mRNA, then cleaves the mRNA which is degraded. Once in 
the cell, the active siRNA strand is stable in the RISC complex for weeks, making it an excellent 
method for sustained, efficient gene-knockdown. 

The problem has been in getting siRNA into various tissues throughout the body since one of 
the most difficult aspects of creating siRNA-based drugs has been developing a safe, effective 
delivery method. Furthermore, methods that work for one type of cell do not always translate 
into safe, effective delivery into other cell types. siRNAs are relatively large and have a negative 
charge, which makes them difficult to transport across the cell membrane. Additionally, they 
are rapidly excreted (sometimes within just a few minutes)(9) which prevents them from 
accumulating in the targeted cells or tissues (10). Naked RNA is also easily degraded in the 
bloodstream and stimulates the immune system to produce interferon and inflammatory 
responses (9, 11). Many of these problems can be solved by conjugating siRNAs into other 
molecules or incorporating them into complexes (9). 

Chemical modifications have been a useful development in creating safe, effective siRNA 
therapeutics, as they can increase stability and nuclease resistance, facilitate delivery and 
cellular uptake, reduce off-target effects, and modulate binding strength with the target RNA. 
However, they may also reduce silencing efficiency as a trade-off (11). 

Naked siRNA, which do not have a delivery system, can be modified to resist degradation 
allowing them to circulate longer in the bloodstream. This method can be useful in the kidney 
(where siRNA accumulates while being filtered from the bloodstream before being excreted) as 
well as in the eyes and lungs (10). 

Lipid and lipidoid-based nanoparticles (LNPs) are effective delivery methods. In addition to 
transporting siRNAs to certain targeted tissues and cells, LNPs protect the siRNA from being 
degraded by nucleases in the bloodstream and from being cleared as quickly as naked siRNA 
(10). After being intravenously injected, siRNA-LNPs accumulate in the liver, spleen, and 
kidneys, making these organs prime candidates for treatment. siRNA-LNPs have also been 
tested extensively in the treatment of solid tumors, with some promising results (10, 12, 13).  

It took nearly 20 years to develop RNAi therapeutics and create safe, effective drugs. The first 
to gain approval was Onpattro (patisiran) which is siRNA-based and utilizes an LNP delivery 
method. Its approval on August 10, 2018 was widely celebrated as the culmination of years of 
research by teams around the world produced a result that changes the lives of people with a 
previously incurable disease. Since then, two other siRNA-based drugs have been approved in 
the United States and a fourth siRNA-based drug has been approved in Europe.  

Although the first siRNA-based drug to be approved utilized LNP delivery method, the three 
subsequent siRNA-based drugs that gained approval use GalNAc-conjugation delivery 



platforms. This is because siRNA conjugates do have distinct advantages over LNPs. Drugs 
utilizing this delivery platform can be given subcutaneously, seem to be tolerated better, and 
are simpler to manufacture (9). It has superior potency and safety for the liver-targeted delivery 
of siRNA (10).  

Currently, siRNA delivery methods have been developed to safely and effectively deliver siRNA 
therapies to the liver. Now, the focus of many scientists has shifted to finding methods of 
delivery to other tissues.  

A promising approach is to modulate oligonucleotide delivery through both direct chemical 
modification and conjugation. Dr. Anabelle Biscans and other members of the Khovora Lab 
designed and identified novel conjugated siRNAs that enable safe, sustainable, and robust 
silencing in muscle, heart, lung, adrenal glands, and fat tissues (14, 15). Dr. Biscans discussed 
methods of designing siRNAs to allow for safe, efficient delivery in this informative webinar. 

The Khovora Lab has also developed a chemical modification to siRNA architecture that 
supports potent, sustained gene silencing in the central nervous system. It is called divalent-
siRNA (Di-siRNA) and an injection shows substantial distribution throughout the brain and 
spinal cord with minimal off-target effects and without detectable toxicity (16).  

Delivery methods are a vital aspect of creating siRNA-based drugs, but there are many other 
important elements to consider. Many members of OTS have devoted their careers to 
unearthing the secrets of RNAi and gaining a detailed understanding of the facets involved in 
creating uses that have yet to be imagined. 

 

The OTS Community is Deeply Committed to Advancing siRNA Research that Will Ultimately 
Be Used to Create Life-Changing Medications. 

Here are just a few examples of the advancements being made by our OTS community. 

Alnylam Pharmaceuticals has pioneered RNAi therapeutics since 2002. All three siRNA-based 
medicines approved by the FDA (Onpattro, Givlaari, and Oxlumo) were developed by Alnylam. 
Each of these innovative medications treats a genetic disorder that previously had limited or 
inadequate treatment options. Alnylam focuses on creating RNAi therapies using both LNP and 
GalNAc-conjugate approaches to deliver siRNAs to treat diseases with unmet medical needs. 
Their pipeline includes four therapeutic areas: genetic diseases, cardio-metabolic diseases 
(including hypertension), infectious diseases, and central nervous system (CNS) and ocular 
diseases. 
 
As mentioned earlier, scientists led by Dr. Anastasia Khvorova in the Khvorova Lab at UMass 
Medical School have focused on delivery methods for small RNAs. They understand that the 
potential of RNAi therapeutics will not be fulfilled until it is possible to deliver small RNAs to a 
wide range of tissues and “believe that modulation of RNA chemistry is the way to enable 
delivery to a wide range of tissues.” They work to identify biological and chemical properties to 



find methods to deliver robust amounts of siRNAs to the heart, kidneys, muscle, placenta, 
vasculature, and brain. 
 
In addition to discovering and developing new delivery methods, the Khvorova Lab has 
prioritized the development of a cocktail of three siRNAs to target SARS-CoV-2 mRNAs. At the 
same time, the Watts Lab, led by Dr. Jon Watts at UMass Medical School, designed a cocktail of 
three ASOs to target SARS-CoV-2 mRNAs. The siRNAs and ASOs can be delivered directly to the 
lungs where they find and bind the target viral RNA, then destroy it, which prevents the 
coronavirus from replicating and reduces viral load. 
 
The Corey Lab, led by Dr. David Corey at UT Southwestern Medical Center, is interested in a 
wide spectrum of projects involving nucleic acids at the interface of chemistry and biology. 
Their goal is to develop new strategies for manipulating gene expression that will provide 
insights into important processes and how they are regulated by endogenous nucleic acids, 
facilitate laboratory research, and lay the foundation for drug development. One project relates 
to discovering the natural roles of argonaute and other RNAi factors. (Remember, argonaute 
proteins are an essential component of the RISC complex.) Another project utilizes antisense 
oligos, siRNAs, and single-strand siRNAs for allele-selective inhibition of huntingtin protein 
expression to prevent expression of mutant huntingtin that causes Huntington's disease. 

The Damha Group, led by Dr. Masad Damha at McGill University, is interested in the chemical 
synthesis, biochemical properties, and molecular behavior of nucleosides, nucleic acids (DNA, 
RNA, branched RNA), and their analogues. They hope to gain a detailed understanding of 
intercellular and intracellular communication between nucleic acids and between nucleic acids 
and proteins (e.g., crRNA and CRISPR/Cas9). Their work includes developing new methods for 
the synthesis of nucleoside building blocks and RNA, and biochemical studies with novel 
chemically modified nucleic acids, one of which improves catalytic cleavage of mRNA by RNase 
H or within the RNA-Induced Silencing Complex (RISC). They are also examining certain 
compounds as anticancer oligonucleotides using antisense, anti-miRNA, and siRNA compounds. 
siRNAs have also been developed by the Damha Group that are readily applicable to most 
targets. They are addressing the problem of delivery by developing "siRNA prodrug" conjugates 
using novel siRNA- and antisense-polymeric nanomicelles. 

Atalanta Therapeutics was recently founded by UMass Medical School and three of its most 
prominent faculty research scientists: Anastasia Khvorova, Ph.D., Craig Mello, Ph.D., and Neil 
Aronin, M.D. Atalanta uses a novel RNAi platform to address the urgent global need for 
interventions to treat neurodegenerative diseases. The novel oligonucleotide structure is called 
branched siRNA, and it allows RNA interference to be utilized to silence gene expression 
throughout the brain and spinal cord for the first time. A single dose may perform gene 
silencing for six months or longer, which means that patients may only need to receive it once 
or twice a year. Atalanta will develop RNAi therapeutics for HTT for the treatment of 
Huntington’s disease, along with other unnamed CNS targets in collaboration with Biogen. They 



will also develop RNAi therapeutics for neurodegenerative diseases, including Parkinson’s 
disease and Alzheimer’s disease, in collaboration with Genentech. 

While these are some of the more prominent companies and research groups, there are 
numerous others, in addition to the many start-ups being created. If you are involved in siRNA 
research that was not mentioned in this article, we would love to have you post a link and a 
brief comment about your work below.  

RNAi has found new enthusiasm and backing with the approval of siRNA-based drugs, and the 
field is rapidly expanding. We look eagerly to see what exciting developments the future of RNA 
interference and siRNA will hold.  
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