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Abstract
Non-coding RNA (ncRNA) therapeutics are based on short oligonucleotides, both naturally
occurring and artificial, which target RNA in a site-specific way to modulate gene
expression. As of today, 12 synthetically produced ncRNA-based drugs are available on the
market in the US and Europe, and there is a possibility of more to be approved in the near
future. This project is ordered by Cytiva, a global life science company, with the aim to
present an overview of the current ncRNA therapeutics field. The aim is to give Cytiva a
clear indication of what type of products for oligonucleotide synthesis are requested by their
clients in the pharmaceutical industry. ncRNAs were examined extensively for their potential
as therapeutic agents during our literature study. Based on the number of approved drugs,
clinical trials, and our overall impression of future potential, we selected the following four
ncRNAs; Antisense oligonucleotides (ASOs), small interfering RNA (siRNA), microRNA
(miRNA), and small nuclear RNA (snRNA). Among these, the most promising ncRNAs for
therapeutic use are siRNA and ASO which usually are 20-30 nucleotides long. The most
common modifications to improve drug-like properties are modifications to the backbone,
sugar modifications at position 2, and methylation of nucleobases at position 5 of the
oligonucleotide. In addition, ncRNA-based drugs on the market today are delivered either
through non-viral mechanisms or without a delivery system. The conclusion that can be
drawn from our report is the importance of being able to synthesize chemically modified
ASOs and siRNA on a large scale to meet the future demand of the pharmaceutical industry.

Keywords: Non-coding RNA, Oligonucleotide therapeutics, Modifications, ASOs, siRNA,
miRNA, snRNA.
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Abbreviations

Abbreviation Full name Abbreviation Full name

2’-F 2’ fluoro MOE Methoxyethyl

Ago2 Argonaute 2 ncRNA Non-coding RNA

AHP Acute hepatic porphyria nt Nucleotides

apoC-III Apolipoprotein C-III PH1 Primary hyperoxaluria type 1

ASO Antisense oligonucleotide PMO Phosphorodiamidate
morpholino oligomer

CMV Cytomegalovirus PNA Peptide nucleic acid mimics

DED Dry eye disease PO Phosphodiester

DMD Duchenne muscular dystrophy PS Phosphorothioate

dsRNA Double-stranded RNA RISC RNA-induced Silencing
Complex

FCS Familial chylomicronemia
syndrome

RNAi RNA interference

FDA U.S. Food and Drug
Administration

RNase H Ribonuclease H

FH Familial hypercholesterolemia shRNA Short hairpin RNA

GalNAc N-acetylgalactosamine siRNA Small interfering RNA

hATTR Hereditary transthyretin-mediated
amyloidosis

SMA Spinal muscular atrophy

HoFH Homozygous familial
cholesterolemia

snRNA Small nuclear RNA

LNA Locked nucleic acid snRNP Small nuclear
ribonucleoprotein

LNP Lipid-based nanoparticles TRPV1 Transient Receptor Potential
Vanilloid-1

Me Methyl group TTR Transthyretin protein

miRNA MicroRNA uORF Upstream open reading frame
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1. Introduction
The purpose of this report is to give Cytiva an overview of the non-coding RNA (ncRNA)
field, ncRNA-approved drugs, and other ncRNAs which have shown great potential for use
as therapeutic agents in the future. Cytiva is a global life science company with various
products for pharmaceutical processes. The company mostly manufactures products for
purification processes, however products for oligonucleotide synthesis are available as well.
Cytiva wants to understand how ncRNA therapeutics can be used to better meet the needs of
their clients. Knowing where the field of ncRNA is headed is important since many of their
clients are pharmaceutical companies that may demand products for oligonucleotide
synthesis.

ncRNA is RNA which does not code for protein and constitutes a large part of the
transcriptome. They come in various shapes and sizes and regulate multiple processes in the
cell, which was first suggested by Jacob and Monod 60 years ago (Jacob & Monod 1961).
Some of the ncRNAs are specific to the nucleus while others regulate processes in the
cytoplasm or organelles (Weinberg & Penman 1968, Barrey et al. 2011). ncRNA regulates
splicing, regulates gene expression, and interacts with transcription factors to regulate their
catalytic activity (Lerner et al. 1980, Kwek et al. 2002). There are two main types of ncRNA,
housekeeping and regulatory, see Figure 1. Housekeeping ncRNA primarily regulates generic
cellular functions and is expressed in all different cell types. Regulatory ncRNA regulates
gene expression on transcriptional, epigenetic, and post-transcriptional levels (Peschansky &
Wahlestedt 2014). Since ncRNA plays a vital role in regulation of cellular processes,
dysregulation of ncRNA levels can cause diseases. ncRNAs are therefore involved in
multiple diseases such as cancer, cardiovascular disease, neurodegenerative disease, and rare
genetic diseases (Feng et al. 2020).

Figure 1: Overview of different classes of ncRNA, the two different colors are the two different classes of
non-coding RNA, housekeeping and regulatory. The specific non-coding RNAs in highlight will be discussed in
this report. Modified from (Baptista et al. 2021).

ncRNA can be found in urine and saliva (Patel et al. 2011, Li M et al. 2014). Since ncRNA
can be involved in several diseases their presence in these fluids facilitates an easier
screening process where they can be used as biomarkers for diseases. They thus have
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potential to be used for diagnosing diseases early before physical symptoms have appeared
(Li M et al. 2014). ncRNA have been identified in every major cancer type, where they work
as oncogenetic drivers and tumor suppressors. Therefore they show great potential to work as
biomarkers for diagnosing cancer and the stage of the cancer. They could potentially be used
to predict the progression of the cancer as well (Feng et al. 2020). Despite this interesting
application, we have chosen to focus on the therapeutic use of ncRNA in this report.

To find the information needed, an extensive literature study has been executed. We evaluated
all the groups of ncRNA found in Figure 1 and their role in therapeutics. Based on the
number of approved drugs, clinical trials, and our overall impression of future potential, we
chose to look further into were antisense oligonucleotides (ASOs), small interfering RNA
(siRNA), microRNA (miRNA), and small nuclear RNA (snRNA). These ncRNAs work as
therapy for both common diseases, like cardiovascular disease but also rare genetic diseases
like Duchenne muscular dystrophy and have potential to work as therapy for cancer in the
future (Feng et al. 2020).

ncRNAs can be used as therapeutic agents in multiple ways. For example, they can regulate
gene expression and change the amount of protein produced (Baker et al. 1997, Wu H et al.
2004, Liang et al. 2019). They can also be used to skip specific regions of genes (Scharner et
al. 2020). For ncRNAs to be used as therapeutic agents, stability is essential to avoid nuclease
degradation. Therefore various chemical modifications can be implemented to increase their
stability and binding affinity (Uesugi et al. 1986, Sági et al. 1991, Abou Assi et al. 2020).
Additionally, delivery systems can further facilitate the stability and specificity of
oligonucleotide therapeutics (Wang W-T et al. 2019). For this reason, both modifications and
delivery systems will be addressed in the beginning of this report to give an understanding of
how current ncRNA treatments work, which are discussed later on in the report. For the part
concerning specific ncRNA, the ncRNAs with approved drugs on the market today are going
to be presented first to later continue with the ncRNAs with great therapeutic potential and
ongoing clinical trials but no approved drugs yet. Lastly, we will round up with some current
challenges regarding ncRNA therapeutics and a take on ethical dilemmas relevant to the
subject.

The ncRNAs we have decided to leave out of this report are either not interesting for
therapeutic appliances or are recently discovered and far more research is needed. For further
motivation of why, see Delimitations in Appendix 14.4. The ncRNAs we have chosen to
highlight in this report have great potential for becoming future therapy for many diseases
including diseases without cure or treatment available today.

2. Modifications to improve drug-like properties
According to the review article “The Medicinal Chemistry of Therapeutic Oligonucleotides”,
oligonucleotides with no modification have few drug-like properties (Wan & Seth 2016).
Modifications of the backbone, sugar, and/or nucleobases are necessary to improve these
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important properties for oligonucleotide-based therapeutics (Wan & Seth 2016). These are
modifications that can enhance the RNA binding affinity, thermal stability, and nuclease
resistance of oligonucleotides (Uesugi et al. 1986, Sági et al. 1991, Abou Assi et al. 2020). In
this section the most commonly used modifications belonging to the backbone, sugar and
nucleobases will be described (Figure 2). Further, the advantages of each type of modification
will be discussed and a comparison between the different types will be made. Knowledge of
which modifications ncRNA therapeutics can require will provide a greater understanding of
what oligonucleotide synthesizers will need to be able to handle for effective synthesis.

Figure 2: Schematic of RNA nucleotides and how they can be chemically modified. Common chemical
modifications for oligonucleotide based drugs that are done on the phosphate, nucleobase, and carbohydrate; Rp
PS, R configuration Phosphorothioate; Rs PS, S configuration Phosphorothioate; PMO, phosphorodiamidate
morpholino oligonucleotide; PNA, Peptide nucleic acids; 5-methylcytosine; G-clamp; 2’-O-methyl;
2ʹ-O-methoxyethyl; 2ʹ-fluoro; locked nucleic acid. Modified from: (Dhuri et al. 2020).

2.1 Phosphate modifications for enhanced uptake of drugs
Phosphodiester (PO) is the naturally occurring linkage between nucleotides and has many
undesirable pharmacokinetic- and distribution properties when it comes to its use as a
therapeutic agent (Bost et al. 2021). Thus, phosphate modifications are necessary for high
serum protein binding ability and a long half-life in circulation. In this section, we focus on
the commonly used modifications on the backbone for oligonucleotide therapeutics. These
modifications include phosphorothioate (PS), phosphorodiamidate morpholino
oligonucleotide (PMO), and peptide nucleic acids (PNAs).

2.1.1 Phosphorothioate (PS)
Phosphorothioate (PS) modification is widely used in therapeutic oligonucleotides due to its
resistance to nuclease degradation (Khvorova & Watts 2017). In the PS backbone, one
oxygen atom is substituted with a sulfur atom which gives the phosphate atom a chiral center.
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This means that oligonucleotides with the phosphorothioate linkage are normally a mixture of
S configuration (Sp) and R configuration (Rp) of phosphate diastereomeric linkages with
both having different properties. Sp is more resistant to nucleases than Rp. However, Rp
binds with higher affinity (Khvorova & Watts 2017).

Some studies discovered that PS-modified oligonucleotides (PS-ONs) have increased tissue
uptake resulting in as little as 10% of the administered dose cleared in urine. Besides that, the
cleared oligonucleotides were not degraded. At the same time, almost half of the
non-modified oligonucleotides were cleared in urine and not delivered to the target tissue
(Geary et al. 2001). PS-ONs have increased binding affinity for serum proteins like albumin
and this allows them to avoid urine clearance and reach their target tissues. Moreover, PS is
often combined with base and/or sugar modifications to increase target binding affinity (Bost
et al. 2021).

2.1.2 Phosphorodiamidate morpholino oligonucleotide (PMO)
Phosphorodiamidate morpholino is a backbone modification where the five-membered ribose
heterocycle is substituted with a six-membered morpholine ring. This modification is used to
bind and block the translation of mRNA (de la Torre & Albericio 2022). PMOs are uncharged
nucleic acid molecules that contain chiral centers, which means PMO-based drugs are
racemic mixtures (Moulton 2017). However, the effects of defined PMO stereochemistry
have not been studied well compared to PS modifications. PMOs have minimal binding
affinity for plasma proteins, which means they are quickly cleared via urinary excretion.
Instead, the PMOs have been used in steric blocking oligonucleotides, implying that they are
designed to bind and block the translation of mRNA into proteins (Moulton 2017). So far,
four PMO-based drugs have been approved by the Food and Drug Administration (FDA) (de
la Torre & Albericio 2022).

2.1.3 Peptide nucleic acids (PNAs)
Peptide nucleic acids mimics (PNAs) are provided by replacing the deoxyribose phosphate
backbone with repetitive units of N-(2-aminoethyl) glycine to which the nucleobases are
linked via a methyl carbonyl linker (Figure 2). PNAs are uncharged nucleic acid molecules
that are less susceptible to nuclease degradation. These structures are used in steric blocking
oligonucleotides and can bind to either single-stranded DNA, single-stranded RNA, or
double-stranded DNA. PNAs have been shown in vitro studies to inhibit gene transcription
and translation by firmly binding to DNA or mRNA. Due to the lack of electrostatic
repulsion, PNAs have high thermal stability (Chen J et al. 2010).

2.2 Carbohydrate modifications for increased activity

Sugar modification can enhance oligonucleotide biological activity (Freier & Altmann 1997).
The sections below will address the modifications 2'-O-methyl, 2'-O-methoxyethyl, 2' fluoro,
and locked nucleic acid. These modifications work by replacing the nucleophilic 2’-hydroxy
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group on the RNA to improve molecular stability and increase tissue half-lives, leading to
extended drug effect. Modification of the sugar also increases binding affinity to
complementary RNA molecules by promoting pucker conformation (Freier & Altmann 1997,
Abou Assi et al. 2020).

2.2.1 2’-O-methyl (2’-OMe)

2’-O-methyl (2’-OMe) modified oligonucleotides are attractive antisense reagents due to their
specific features. Some features are thermal stability, fast hybridization kinetics, and
resistance to nucleases (Stein D et al. 1997, Schneider et al. 2011). 2’-OMe modifications
lower the chances of nonspecific protein binding and increase the binding affinity to the
target (Hebb & Robertson 1997). The incorporation of 2’-OMe also reduces the immune
stimulation after intracellular delivery of the oligonucleotide (Robbins et al. 2007).

2’-O-methylation is a modification where a methyl group is attached to the 2’ hydroxyl of the
ribose (Figure 2). It is a common natural occurring modification for RNA and is found at
numerous positions in tRNA, rRNA, and snRNA (Vitali & Kiss 2019, Elliott & Holley 2021).
The modification can also be incorporated into synthetically made nucleotides for enhancing
important drug-like properties (Wu SY et al. 2014).

2.2.2 2’-O-methoxyethyl (2’-O-MOE)
2’-O-methoxyethyl (2’-O-MOE) is a 2’-O-alkyl substituent for 2’-O-methyl, see Figure 2. It
is more resistant to nucleases and has a higher binding affinity (Khvorova & Watts 2017).
The 2’-O-MOE ribose chemistry is a commonly used modification for oligonucleotides and is
incorporated in many approved oligonucleotide drugs. It is often combined with a
phosphorothioate (PS) backbone for even more increased affinity and resistance to
degradation (Halloy et al. 2021). The 2’-O-MOE modification gives an improved binding
affinity to the target mRNA, higher than many other 2’ synthetic modifications. The
increased affinity is due to a favorable geometry change caused by the modification.
2’-O-MOE modifications also increase the nuclease resistance of the oligonucleotide, leading
to enhanced stability of the drug (Lind et al. 1998, Roberts et al. 2020).

2.2.3 2’ fluoro (2’-F)
The 2’ fluoro (2’-F) modification provides resistance from ribonuclease degradation, due to
conformational changes. The stabilization against degradation in serum can improve by a
factor of ten in comparison to unmodified RNA (Pieken et al. 1991). The 2’-F modification
has some unique properties, it has a small size and a high electronegativity together with
hydrophobicity (Manoharan et al. 2011). These properties provide the oligonucleotide with
beneficial efficiency for protein interactions. 2’-F modifications have been shown to decrease
immune stimulation and improve the activity of the oligonucleotide. 2’ fluoro
oligonucleotides have a fluorine molecule at the 2’ position of the ribose instead of oxygen
(Figure 2). Fluorine does not occur naturally in RNA, but has many medical advantages when
included in oligonucleotides (Manoharan et al. 2011).
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2.2.4 Locked nucleic acid (LNA)
Locked nucleic acids (LNA) are modified nucleotides containing one or multiple bases where
an extra methylene bridge fixes the ribose moiety, shown in Figure 2 (GrÜnweiler &
Hartmann 2007). LNA nucleotide substitution gives an increased binding affinity of 5-7 °C
for every modification. Combining LNA with PS modifications gives an even higher rise in
affinity for each modification (Koch et al. 2008). LNA modification also increases the
stability of the oligonucleotide against intra- and extracellular nucleases. The position of the
LNA modification plays a direct role in its stability towards nuclease degradation. LNAs are
formed by the attachment of ribose 2’-O and 4’-C atoms through a methylene bridge, leading
to the fixation of the sugar in a specific conformation (GrÜnweiler & Hartmann 2007). This
conformation restricts the RNA, resulting in increased binding affinity to complementary
single-stranded RNA, a desirable property for oligonucleotide based drugs (Nagahama et al.
2009).

2.3 Nucleobase modifications for enhanced nuclease
resistance
A common way to stabilize an oligonucleotide is by exchanging the hydrogen atom for a
methyl group at position 5 in the pyrimidine nucleobases and thereby creating a pyrimidine
analog, which is reviewed in “Heterocyclic modifications of oligonucleotides and antisense
technology” (Herdewijn 2000). 5-methylcytosine is effective for increasing resistance to
nucleases in oligonucleotides (Figure 2). This type of modification has been found to be of
great importance in regions consisting of many cytosine and guanine bases in a row, often
called CpG regions. Methylation of cytosine in these regions has resulted in a significant
increase in resistance to nuclease degradation (Uesugi et al. 1986). The cytosine analog has
also been shown to increase the thermal stability of oligonucleotide duplexes (Sági et al.
1991).

G-clamp modification (Figure 2) is another example of a cytosine analog that combined with
PS-linkages in oligonucleotides has been shown to improve hybridization affinity for RNA.
The modification results in an additional bond being created between the bases C-G
(Flanagan et al. 1999).

3. Delivery systems for protection and specificity
Since RNA is very unstable and easily degrades it has a limited half life inside the body. In
order for the ncRNA therapeutics to safely reach their target, a delivery system is often
needed to ensure protection and specificity (Wang W-T et al. 2019). The delivery systems for
ncRNA-based therapeutics can be classified into viral or non-viral (Figure 3). In this section,
an overview of different types of viral and non-viral delivery will be provided to give an
insight in how ncRNA therapeutics can be delivered to their established target inside the
body.
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Figure 3: Non-viral (A, B) and viral (C) delivery systems. A: Lipid-based nanoparticle (LNP) used for delivery
of siRNA, miRNA, snRNA or ASOs, B: Carrier-siRNAs, a RNA-protein conjugate for siRNA delivery, C:
Oncolytic adenovirus for delivery of ncRNA etc. Modified from (Wang W-T et al. 2019).

3.1 Viral delivery
Virus-based delivery takes into account all delivery methods which include viral vectors
(Figure 3C). These viral vectors are obtained from different viruses with some commonly
used examples being adenoviruses, lentiviruses, retroviruses, and adeno-associated viruses
(Roy et al. 2022). The pros of viral vectors are that they are a highly efficient way to deliver
ncRNA drugs and that the silencing or overexpression effects last longer compared to when
using non-viral vectors. However, there are downsides to viral delivery as well, with the risk
of immunogenic effects or toxicity being the most significant. Other obstacles include the
high cost of production and the difficulty of mass production. This explains why more focus
lies on the non-viral delivery methods, which currently are the safer and more preferred
option, even though the efficiency is lower (Kara et al. 2022).

3.2 Non-viral delivery by nanoparticles
Nanoparticles for therapeutics are being implemented to overcome many of the limitations of
conventional drug delivery systems (Mitchell et al. 2021). These particles can be used in
targeted drug delivery at the target site of the process. There are multiple drugs based on
nanoparticle technologies approved either by the FDA or the European Medicines Agency
(EMA) on the market. There is a wide range of nanocarriers for nucleic acid drug delivery
systems. In this section, we focus on lipid-based nanoparticles (LNPs), inorganic
nanoparticles, and polymeric nanoparticles since these are commonly used for ncRNA
delivery (Anselmo & Mitragotri 2016).

3.2.1 Lipid-based nanoparticles (LNPs)
Lipids are naturally organic substances which are both hydrophobic and hydrophilic at the
same time (Momin et al. 2021). The lipophilic substances are made in nanoscales and are
used as cargo to transport ncRNA drugs to the target site (Figure 3). Non-coding RNAs
cannot pass through the cell membrane due to their negatively charged phosphate groups,
meanwhile lipophilic substances easily pass through the cell membrane. The nanoparticles
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protect nucleic acids from nuclease digestion in the blood and the endosome (Momin et al.
2021).

Lipid-based delivery systems are one of the most common methods for nucleic acid delivery,
including liposomes, lipid nanoparticles, and solid lipid nanoparticles (Momin et al. 2021).
Among these systems, liposomes made up of a lipid bilayer are the most abundantly used
transporter for nucleic acid delivery. During transport, the nucleic acid drug is encapsulated
in the aqueous core of the liposome. The hydrophilic heads of the cationic lipids are oriented
so they can easily conjugate with the negatively charged ncRNA due to electrostatic forces,
therefore cationic lipids are desirable for ncRNA delivery (Momin et al. 2021).

However, cationic lipids have a permanent positive charge which can cause cellular toxicity
for the negatively charged cell membrane (Roberts et al. 2020). They can disrupt the structure
of the cell membrane through cell lysis and also interact with serum proteins that are
negatively charged. To overcome these problems, ionizable cationic lipids are used instead.
These ionizable cationic lipids are not permanently positively charged (Roberts et al. 2020).

ncRNA drugs can also be delivered as N-Acetylgalactosamine (GalNac) conjugates
(Yamamoto et al. 2021). In the review article by Huang (2017) it is stated that using
oligonucleotides with GalNac attached to them enhances the delivery of ncRNA drugs to
hepatocytes (Huang 2017). GalNac itself is a type of carbohydrate ligand recognizable by the
asialoglycoprotein receptor (ASGPR) (Yamamoto et al. 2021). ASGPR is a
carbohydrate-binding protein that exists in high quantities in the liver. It has a strong affinity
for GalNac and can therefore easily bind to and sense it. This makes targeted delivery of
ncRNA drugs for liver-related diseases possible and accurate (Prakash et al. 2014).

3.2.2 Polymeric nanoparticles
Polymer nanoparticles are desirable for drug delivery because of their low systemic toxicity,
stability, prolonged-release, biodegradability, and availability of sites for numerous
alterations (Gagliardi et al. 2021). They are obtained from synthetic polymers. Various types
of biodegradable polymer-based nanoparticles are considered to be safe, and have been
developed for drug delivery and a few of them have been approved by FDA for clinical use
(Gagliardi et al. 2021).

3.2.3 Inorganic nanoparticles
For achieving controlled drug loading capacity and release of the drug, inorganic
nanoparticles can be used as a drug delivery system (Shi et al. 2020). Mesoporous silica
nanoparticles, graphene oxide, black phosphorus, and gold nanoparticles are commonly
researched inorganic nano-materials that have shown great potential in drug delivery systems.
These nanoparticles have been used as smart drug delivery systems for therapy, due to their
drug loading capacity and stability. They are flexible and can be designed to have a wide
variety of sizes, structures and geometry (Shi et al. 2020).
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4. Antisense Oligonucleotides - Regulating post
transcriptional expression
Antisense oligonucleotides (ASOs) are synthetic single-stranded sequences that can be
RNA-based or DNA-based and regulate gene expression (Sohail et al. 2001, Brown &
Wobst). We will discuss the mechanism of action used by ASOs, the diseases they target, the
composition of the drugs on the market, and clinical trials. This information can be used in
further improving an oligonucleotide synthesizer and for understanding the demand for
ASO-based therapeutics in the future.

ASOs are usually 12-25 nucleotides in length (Sohail et al. 2001) and function by
complementary Watson-Crick base pairing to target molecules such as mRNA, pre-mRNA,
and miRNA (Bennett & Swayze 2010). ASOs and siRNAs are the most common
oligonucleotides used as therapeutic agents, as described in a review article from Winkle et
al. (2021). The first ASO-based therapeutic was Fomivirsen (Vitravene®) which was
approved in 1998. Fomivirsen was an ASO used to treat cytomegalovirus retinitis, however it
is no longer available on the market due to low demand (Stein CA & Castanotto 2017). Table
1 contains a list of ASO-based drugs with their length, modifications, target disease,
mechanism of action, and approval year. All of these ASOs have been approved by the
United States Food and Drug Administration (FDA) and/or the European Medicines Agency
(EMA).

Table 1: Antisense oligonucleotide therapeutics approved by the FDA and/or the EMA. The table contains
information about the length, modifications, target disease, mechanism of action, and year of approval for these
ASO-based therapeutics.

Therapeutic Length Modifications Disease Mechanism of
action

Year of
approval

𝐹𝑜𝑚𝑖𝑣𝑖𝑟𝑠𝑒𝑛1
21 nt PS Cytomegalovirus

retinitis
RNA blockage 1998 (FDA)

𝑀𝑖𝑝𝑜𝑚𝑒𝑟𝑠𝑒𝑛2 20 nt 2´-O-MOE, PS,
Me, gapmer

Familial
hypercholesterolemia

RNase
H-mediated

2013 (FDA)

𝐸𝑡𝑒𝑝𝑙𝑖𝑟𝑠𝑒𝑛3 30 nt PMO Duchenne muscular
dystrophy

Splice-switching 2016 (FDA)

𝑁𝑢𝑠𝑖𝑛𝑒𝑟𝑠𝑒𝑛4 18 nt 2´-O-MOE Spinal muscular
atrophy

Splice-switching 2016 (FDA)

𝐼𝑛𝑜𝑡𝑒𝑟𝑠𝑒𝑛5 20 nt 2´-O-MOE, PS,
Me, gapmer

Hereditary
transthyretin
amyloidosis

RNase
H-mediated

2018 (FDA)

𝑉𝑜𝑙𝑎𝑛𝑒𝑠𝑜𝑟𝑠𝑒𝑛6 20 nt 2´-O-MOE, PS,
gapmer

Familial
chylomicronemia
syndrome

RNase
H-mediated

2019 (EMA)

𝐺𝑜𝑙𝑜𝑑𝑖𝑟𝑠𝑒𝑛7 25 nt PMO Duchenne muscular
dystrophy

Splice-switching 2019 (FDA)
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𝑉𝑖𝑙𝑡𝑜𝑙𝑎𝑟𝑠𝑒𝑛8 21 nt PMO Duchenne muscular
dystrophy

Splice-switching 2020 (FDA)

𝐶𝑎𝑠𝑖𝑚𝑒𝑟𝑠𝑒𝑛9 22 nt PMO Duchenne muscular
dystrophy

Splice-switching 2021 (FDA)

References: 1:(FDA 1998), 2:(FDA M 2013), 3:(Lim KRQ et al. 2017), 4:(FDA N 2016), 5:(FDA I 2018),
6:(EMA 2019), 7:(FDA G 2019), 8:(FDA V 2020), 9:(FDA C 2021).

There is a wide range of therapeutic applications for ASOs and there are multiple ways for
them to impact target molecules, as described in the review article by Gheibi-Hayat &
Jamialahmadi (2021). ASOs can inhibit protein translation, induce ribonuclease H cleavage
of mRNA, bind to pre-mRNA to change the splicing pattern, destabilize pre-mRNA, and
target miRNAs (Gheibi-Hayat & Jamialahmadi 2021). The different mechanisms of action
for ASOs are illustrated in Figure 4.

Figure 4: Mechanism of ASOs. 1: Destabilization of pre-mRNA by targeting the 5’ cap formation. 2:
Modulating the splicing pattern. 3: Cleavage of pre-mRNA by RNase H. 4: Destabilization of pre-mRNA by
targeting the polyadenylation process. 5: Cleavage of mRNA by RNase H inside the nucleus. 6: Cleavage of
mRNA by RNase H in the cytoplasm. 7: RNA blockage. 8: Upregulation of mRNA translation. Modified from
(Southwell et al. 2012).

ASOs require many chemical modifications to be effective and to minimize toxicity, as
described in a review article written by Bennett & Swayze (2010). These modifications
increase stability, specificity, and membrane permeability, which are essential properties of an
effective therapeutic agent. ASOs can be first generation, second generation, or third
generation, based on their modifications (Bennett & Swayze 2010). First generation ASOs
contain modifications on the phosphate group, second generation ASOs have alkyl
modifications on the ribose, and third generation ASOs have further modifications on the
furanose ring (Mansoor & Melendez 2008). Today, there are many ASOs available on the
market and all ASOs in clinical testing contain second or third-generation modifications
(Winkle et al. 2021). All approved ASO-based therapeutics are delivered as naked ASOs,
which means that they do not use a delivery system and solely rely on their modifications
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(Gupta et al. 2021). The most common method for synthesizing ASOs has for the last 40
years been the solid-supported phosphoramidite method (Andrews et al. 2021). The method
works for both DNA- and RNA synthesis and the synthesis process can be implemented for a
wide diversity of modified nucleotides (Kostov et al. 2019).

4.1 mRNA as the target molecule
In order to regulate gene expression, ASOs can target and bind to mRNA (Wu H et al. 2004).
In this section, the different mechanisms, approved drugs, and clinical trials are presented for
ASOs targeting mature mRNA. This information can be used to understand how important
ASO-based therapeutics will be in the future. Several of the FDA/EMA-approved drugs are
based on this mechanism, see Table 1, as well as multiple potential ASO-based drugs
undergoing clinical trials.

4.1.1 Mechanism of ASOs targeting mRNA
There are several ways for ASOs to target mRNA for either upregulation or downregulation
of post transcriptional expression. Some of the ways to downregulate gene expression are by
inducing mRNA cleavage or sterically blocking mRNA. The former results in degradation of
mRNA by ribonuclease H cleavage, while the latter can lead to both arrest in the translation
process and degradation of mRNA (Baker et al. 1997, Wu H et al. 2004, Liang et al. 2019).
The ability to upregulate gene expression was found quite recently and can be done by
binding the ASO to an upstream region of the open reading frame of the mRNA (Liang et al.
2016).

4.1.1.1 Ribonuclease H cleavage of mRNA
Ribonuclease H (RNase H) is an enzyme family of nucleases that are capable of cleaving
RNA in a site-specific way (Donis-Keller 1979, Wu H et al. 2004). This knowledge has been
used to form ASO-based drugs. Today several ASO-based drugs harness the mechanism of
RNase H (Table 1). The antisense mechanism is based on Watson-Crick base pairing between
an ASO and the target mRNA, resulting in the formation of an ASO/RNA duplex (Crooke
2007). This duplex can be recognized by RNase H which leads to cleavage of the target
mRNA (Wu H et al. 2004). For the ASO/RNA duplex to be recognizable by RNase H, a part
of the ASO has to be built up by DNA. This is because RNase H requires the formation of a
DNA/RNA duplex to be recruited and perform cleavage of the RNA (Agrawal et al. 1990).
This can be achieved by forming an ASO designed as a gapmer (Wu H et al. 2004). A
gapmer is an ASO built up by RNA-DNA-RNA, thus it consists of multiple
deoxyribonucleotides in the center of the oligonucleotide and several ribonucleotides at both
the 5’ and 3’ end (Marrosu et al. 2017). It is common to use PS modification on gapmers as
well as sugar modifications on the flanks of the gapmer structure, to increase the stability
(Agrawal et al. 1990).
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4.1.1.2 RNA blockage to inhibit protein translation
ASOs can interfere with the translational process of mRNA and thereby control its gene
expression. This is done by the formation of an mRNA/ASO duplex in the 5’ end of the target
mRNA, resulting in interference with the assembly of the 80S ribosomal complex (Baker et
al. 1997). It has also been shown that mRNA blockage by ASOs can lead to the degradation
of mRNA. This can be done via the no-go decay pathway, where an ASO binds to the 3’ end
of the mRNA stalling the ribosomes in the translation process. When several ribosomes are
stacked together in a row due to the blockage, nucleases are recruited and cleavage of the
mRNA is performed (Simms et al. 2017, Liang et al. 2019). This mechanism has been
studied for fully PS and 2’-O-MOE as well as for fully PS and 2’-OMe modified ASOs.
Among these, the fully PS and 2’-O-MOE modified ASOs showed an increased activity,
which points out the importance of high affinity between ASO and RNA for the ASO to
efficiently block mRNA (Liang et al. 2019).

4.1.1.3 Upregulation of mRNA translation
It was recently proved that it is possible to upregulate gene expression using antisense
technology. This can be done by using an ASO which binds to the upstream open reading
frame (uORF) in the target mRNA (Liang et al. 2016). uORFs are elements with a start codon
at the 5’ end in mRNA which are out of frame, hence not part of the coding sequence of the
gene. These uORF regions are commonly found in both human and mouse transcripts and are
present in approximately half of our gene transcripts. The presence of uORFs has been shown
to affect the protein expression levels negatively by primarily reducing the efficiency of
mRNA translation, but also by decreasing the stability and thereby the amount of present
mRNA (Calvo et al. 2009). A study showed targeting uORF with an ASO could have a
remarkable impact on the levels of translated protein and showed that an increase of protein
level in both humans and mice with 30-150 % was possible, depending on the dosage of the
ASO (Liang et al. 2016).

4.1.2 Approved ASO-based drugs targeting mRNA
In order to understand the chemical composition of future and present ASO-based drugs, it is
important to gain knowledge regarding the structure of the ASO-based drugs which are
currently available. The focus of this section will therefore be to describe two of the
FDA-approved second generation ASO-based drugs targeting mRNA, Mipomersen, and
Inotersen. Their function and mechanism are described as well as their chemical composition
which is illustrated in Figure 5.
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Figure 5: Chemical composition of Mipomersen and Inotersen, which are two of the FDA approved ASO-based
drugs. Mipomersen and Inotersen both have a gapmer structure with ten DNA nucleotides in the middle flanked
by five 2’-O-methoxyethyl RNA nucleotides on both sides. Mipomersen contains phosphorothioate linkages and
has ten methylations. Inotersen also contains phosphorothioate linkages and has nine nucleobase methylations.
Modified from (Roberts et al. 2020).

4.1.2.1 Mipomersen (KYNAMRO™)
Mipomersen is a 20 nucleotide long gapmer-designed ASO that can be used to lower
low-density lipoprotein cholesterol (LDL-C) levels by targeting the mRNA coding for
apolipoprotein B-100 (apoB-100) (Raal et al. 2010, Kastle Therapeutics 2016). Reduction of
apoB-100 levels with Mipomersen has been shown to result in decreased LDL-C
concentrations in patients suffering from Homozygous familial cholesterolemia (HoFH).
More precisely, the phase 3 clinical study showed that 200 mg of Mipomersen a week
resulted in a 25% decrease in LDL-C in HoFH patients who already were on lipid-lowering
medication (Raal et al. 2010, Kastle Therapeutics 2016). HoFH is a genetic disorder caused
by mutations in the gene coding for low-density lipoprotein (LDL) receptors. The mutations
often result in function loss for the LDL receptors (Leigh et al. 2008), which in turn can
cause high levels of LDL-C leading to increased risk for cardiovascular diseases (Cuchel et
al. 2014).

Mipomersen uses a RNase H-mediated mechanism to degrade apoB-100, resulting in
translational arrest of apoB-100. Mipomersen has a PS backbone and a gapmer design which
is built up of ten deoxyribonucleotides surrounded by five 2’-O-MOE modified
ribonucleotides on both the 5’ and 3’ end of the oligonucleotide. Further, all cytosine and
uracil have 5’-methyl substitution (FDA M 2013). See an illustration of the chemical
composition of Mipomersen in Figure 5.

4.1.2.2 Inotersen (TEGSEDI™)
Inotersen is a 20 nucleotide long gapmer-designed ASO used to treat patients with hereditary
transthyretin amyloidosis (hATTR) (FDA I 2018). hATTR is a disease caused by mutations in
the gene coding for transthyretin protein (TTR). The mutations result in single amino acid
changes in the protein causing misfolding, which can lead to dysfunction in several different
organ types (Benson et al. 2018). Inotersen enables degradation of the TTR mRNA via a
RNase H-mediated mechanism. At both the 5’ and 3’ end of Inotersen there are five
2’-O-MOE ribonucleotides, whereas the center consists of ten deoxyribonucleotides giving
Inotersen a gapmer design. In addition, the gapmer has a PS-modified backbone and every
cytosine and uracil are of the analog types 5-methylcytosine and 5-methyluracil (FDA I
2018). See an illustration of the chemical composition of Inotersen in Figure 5.

4.1.3 Clinical trials for ASOs targeting mRNA
To get a glimpse of what the future holds when it comes to ASO-based drugs, a clinical trial
of a potential new drug, Olezarsen, is presented. The mechanism, clinical phase, and
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chemical composition of Olezarsen is described. See Appendix 14.1.1 for another example of
a potential ASO-based drug undergoing clinical trials.

4.1.3.1 Olezarsen
Olezarsen (formerly called AKCEA-APOCIII-LRX or ISIS 678354) is a 20 nucleotide long
N-Acetylgalactosamine (GalNac)-conjugated ASO-based potential drug (Alexander et al.
2019). It has a structure composed of ten nucleotides in the center and five 2’-O-MOE
modified nucleotides at both the 5’ and 3’ end of the oligonucleotide. The sequence is
complementary to APOC3 mRNA in its 3’ region, and via an RNase H-mediated pathway
degradation of APOC3 mRNA is achieved (Alexander et al. 2019).

APOC3 is a gene coding for apolipoprotein C-III (apoC-III), whose function is to inhibit the
hydrolysis of triglycerides (Pollin et al. 2008). It has been found that the expression of
apoC-III is halved in people who carry a heterozygotic null mutation in APOC3. It has also
been shown that the triglyceride levels and low-density lipoprotein cholesterol (LDL-C) are
lower in people with the mutation than in people without a null mutated APOC3 (Pollin et al.
2008). Both triglyceride and LDL-C contribute to an increased risk of coronary heart disease
(Sacks et al. 2000). Therefore the null mutation or other cause for deficiency in production of
apoC-III is suggested to have a protective effect on the heart (Pollin et al. 2008). Olezarsen
can inhibit the production of apoC-III via a RNase H-mediated pathway (Alexander et al.
2019). This was proven in a phase 2 study for people with high triglyceride levels and/or
cardiovascular disease, where the levels of apoC-III were decreased with Olezarsen. Along
with this decreased levels of triglyceride and other lipoproteins which tend to promote
deposits of fatty acids in the arteries were shown (Akcea Therapeutics 2020, Tardif et al.
2022).

4.2 pre-mRNA as the target molecule
ASOs can bind to pre-mRNA to regulate gene expression and minimize the amount of protein
or alter the protein product (Scharner et al. 2020). In this section, the mechanism, approved
drugs, and clinical trials of ASOs targeting pre-mRNA are presented. This provides an insight
into the progress of ASO-based therapeutics and can be used to predict the future demand for
ASOs. The mechanism of targeting pre-mRNA with ASOs is already used in multiple
FDA-approved drugs, see Table 1.

4.2.1 Mechanism of ASOs targeting pre-mRNA
Two main mechanisms are used by ASOs to target pre-mRNA inside the nucleus. ASOs can
either modulate pre-mRNA splicing or destabilize pre-mRNA to regulate mRNA maturation.
Destabilization of pre-mRNA can be achieved by ASOs targeting the polyadenylation
signals, inhibiting 5´-cap formation, or by binding to other important sequences in the
3´-untranslated region (Vickers & Crooke 2014).
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4.2.2 Modulate pre-mRNA splicing
One of the most interesting mechanisms for ASOs is their ability to modulate pre-mRNA
splicing (Scharner et al. 2020). These ASOs are typically referred to as splice-switching
antisense oligonucleotides (SSOs). The mechanism behind SSOs is usually to skip or include
an exon to correct the open reading frame and therefore avoid the mutations causing the
disease (Wagner et al. 2021). SSOs target regulatory elements such as splicing enhancers and
splicing silencers to sterically block proteins or small nuclear RNAs which are involved in
the splicing mechanism. They can also bind directly to splicing sites to disrupt the splicing
pattern (Scharner et al. 2020). For SSOs to properly modulate pre-mRNA splicing, the
nucleotides need to have special modifications. One of the most important modifications is
the 2’-O-MOE modification which disables the ability of RNase H to degrade the pre-mRNA.
This is desirable since the mRNA must not be broken down before being translated to the
correct protein (Crooke et al. 1995).

4.2.3 Destabilizing pre-mRNA
There are multiple other interesting mechanisms used by ASOs on pre-mRNA that could
have potential therapeutic use. These processes are centered around mRNA maturation and
include 5’-capping, splicing, and 3’-end processing (Liang et al. 2020). The
7-methylguanosine cap and the polyadenylation at the 3’-end are crucial for the stability,
translation, and export of mature mRNA from the nucleus to the cytoplasm (Golshirazi et al.
2018, Warminski et al. 2021). ASOs can be designed to disturb these processes and therefore
destabilize pre-mRNA before it matures into mRNA. In a review article written by Rigo et al.
(2014), these processes are grouped into a class of mechanisms called occupancy-only
mediated mechanisms. Inhibition of the polyadenylation process can be accomplished by
sterically blocking the polyadenylation signal in the 3’ untranslated region with an ASO.
ASOs can also bind to the 5’-end of pre-mRNA to sterically block the 5’-capping process
(Vickers & Crooke 2014). Another mechanism used by ASOs to destabilize pre-mRNA is to
recruit RNase H to cleave pre-mRNA. This is possible since RNase H is present in both the
nucleus and the cytoplasm (Liang et al. 2020). ASOs can therefore be designed to harness
this mechanism by cleaving pre-mRNA and not only mature mRNA. For more information
about the RNase H mechanism, see section 4.1.1.1.

4.2.2 Approved ASO-based drugs targeting pre-mRNA
The only ASOs that target pre-mRNA and that are FDA approved are currently SSOs, see
Table 1. The SSOs approved on the market are for treating the neuromuscular diseases
Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA) (Mercuri et al.
2018, Wagner et al. 2021). The FDA-approved ASOs discussed in this section are the second
generation ASO Nusinersen and the third generation ASO Eteplirsen. Knowledge about
approved ASOs can be used to design future therapeutics. See Figure 6 for their chemical
composition.
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Figure 6: Chemical composition of two FDA-approved ASOs: Nusinersen and Eteplirsen. Nusinersen consists
of 2’-O-methoxyethyl RNA with phosphorothioate linkage between the nucleotides. Eteplirsen contains
phosphorodiamidate morpholino oligomers. Modified from (Roberts et al. 2020).

4.2.2.1 Nusinersen (SPINRAZA®)
Nusinersen is a SSO that blocks a splice site in order to correct the mature mRNA and treat
the neuromuscular disease called SMA, according to a review article from Neil & Bisaccia
(2019). SMA is a group of diseases which result in rapid weakness of muscle tissue. The
most common cause of death in infants from a genetic disease is SMA type 1. SMA is caused
by mutations in the survival motor neuron 1 (SMN1) gene, which disrupts the production of
the SMN protein. Fortunately, there is an additional gene called SMN2 that only differs by
one nucleotide from SMN1 and can partly compensate for the mutated SMN1 gene by also
producing SMN protein (Neil & Bisaccia 2019). However, the difference between the SMN
genes leads to a splice-site variation that excludes exon 7 from the SMN2 mRNA (Mercuri et
al. 2018). This results in a decreased amount of full-length protein produced by SMN2 that
leads to symptoms of the disease. In December 2016, Nusinersen was approved by the FDA
to treat all types of SMA (Figure 6). Nusinersen targets the pre-mRNA transcribed from the
SMN2 gene. The drug binds to the pre-mRNA and blocks the splice site so that exon 7 is
included in the mature mRNA. This results in the production of full-length SMN proteins and
the disease is treated (Neil & Bisaccia 2019).

4.2.2.2 Eteplirsen (EXONDYS 51™)
Eteplirsen was the first therapeutic approved for treating DMD and was FDA approved in
September 2016. DMD is a fatal neuromuscular disease that causes weakening and
degeneration of muscle tissue (FDA N 2016). The disease leads to progressive mobility
impairment and expected death within the patient’s 20s. according to a review article written
by Lim KRQ et al. (2017). DMD is caused by mutations in the Dystrophin gene which often
lead to a frameshift or a premature stop codon. Dystrophin is the largest gene in humans and
contains 79 exons, which makes it exceedingly susceptible to mutations. These mutations
result in a loss of function of the protein called dystrophin, a cytoskeletal protein used for
stabilizing muscle fibers.

Eteplirsen is an ASO that is 30 nucleotides long and changes the splice pattern of the DMD
gene, see Figure 6. This is performed by binding to the pre-mRNA and excluding exon 51
from the mature mRNA. This results in the restoration of the open reading frame and the
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production of a functional dystrophin protein product. However, Eteplirsen only works for
approximately 14% of all DMD patients since it is only applicable for patients that have
deletions ending at exon 50 or starting at exon 52 (Lim KRQ et al. 2017). In addition to
Eteplirsen, three other ASOs have been approved by the FDA to treat DMD. All these drugs
use splice-changing mechanisms. Golodirsen and Viltolarsen both target exon 53, and
Casimersen excludes exon 45 to treat different variants of DMD (Wagner et al. 2021).

4.2.3 Clinical trial for SSOs
There are many ongoing clinical trials researching ASOs targeting different types of
pre-mRNA. These clinical trials provide information about where the field of ASOs is
heading and presents innovative new applications. One example explained here is Sepofarsen
and another is STK-001, see Appendix 14.1.2.

4.2.3.1 Sepofarsen
Sepofarsen (QR-110) is a SSO that is currently in a phase 2/3 clinical trial to treat a genetic
retinal disease belonging to the group Leber congenital amaurosis (LCA) called LCA10
(ProQR Therapeutics 2022). LCA is characterized by major vision disability at birth and
often leads to complete blindness (Sato et al. 2020). LCA10 is a common and serious type of
LCA that is caused by mutations in the centrosomal protein 290 (CEP290) gene (Russell et
al. 2022). One of the most common mutations that cause LCA10 is a change in intron 26 of
the CEP290 gene. This mutation creates a new splice site and includes a pseudo-exon that
contains a premature termination codon. The result of the mutation is visual impairment since
the CEP290 protein loses its function. Sepofarsen is a 17 nucleotide long RNA-based ASO
with a PS backbone. The drug works by binding and blocking the splice site that was created
by the mutation in intron 26 (Russell et al. 2022). This leads to the correct mature mRNA and
a full-length protein product. Previous trials in phase 1/2 have concluded that Sepofarsen
improves visual acuity, retinal sensitivity, and light sensitivity in patients with LCA (Russell
et al. 2022, Cideciyan et al. 2022).

5. Small interfering RNA - Regulation by gene
silencing
Small interfering RNA (siRNA) can be used as a therapeutic due to its ability to knockdown
gene expression (Lam et al. 2015). We will discuss their mechanism of action, diseases they
target, the composition of drugs on the market as well as in clinical trials, and how it may be
possible to produce a long-term variant of siRNA. Using this information, one can learn
about the market and demands regarding siRNA, as well as its applications in the production
of pharmaceutical drugs for treatment of various diseases.

Small interfering RNA is a double-stranded RNA (dsRNA) molecule that works on a
post-transcriptional level by suppressing the expression of genes inside the cell. In order for
synthesized siRNA to pass through the cell membrane without nuclease-mediated
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degradation, the negatively charged macromolecule utilizes delivery systems (Lam et al.
2015). The dsRNA is a 21-23 long nucleotide duplex and belongs to the group of small
non-coding RNA (Dana et al. 2017). siRNA is formed when dsRNA is cleaved by the RNAse
III enzyme, Dicer, into smaller fragments. siRNA has one passenger strand (sense strand) and
a guide strand (antisense strand). siRNA can be used both as a therapeutic agent and to study
gene function in-vitro and in vivo (Hatakeyama et al. 2009). The mechanism giving siRNA
the ability to regulate gene expression is called RNA interference (RNAi) (Thompson 2013).
RNAi is the mechanism of gene silencing induced by dsRNA and causes degradation of the
targeted complementary mRNA (Hatakeyama et al. 2009).

There are multiple hurdles to overcome for siRNA to be used as a successful therapeutic
agent (Alshaer et al. 2021). The duplex must use a delivery system to get into the target cell
efficiently and enhance the cellular uptake. By using modified synthetic siRNA, challenges in
vivo such as toxicity, off-target effects, and immune destruction can be prevented. Although
there are challenges in using siRNA as a therapeutic agent, the future of RNAi in therapy is
promising. RNAi has advantages over traditional therapies, like protein-based drugs, due to
its broad spectrum of possible targets in any location and its quality of having antagonistic
effects only (Alshaer et al. 2021).

Synthetic siRNA is already a potential therapeutic agent for many different diseases due to its
ability to inhibit specific genes with high selectivity (Dana et al. 2017). Chemical synthesis,
digestion of long dsRNA by RNAS III, in vitro transcription, siRNA expression plasmid or
viral vector, and siRNA expression cassette derived from PCR are methods used for the
synthesis of siRNA (Thermo Fisher 2022).

There are a few FDA-approved drugs on the market and multiple ongoing clinical trials using
synthetic siRNA as a therapeutic agent, targeting diseases like cancer and infectious diseases.
siRNA has provided a further understanding of the mechanisms and functions of previously
unknown genes (Alshaer et al. 2021).

5.1 Mechanism of RNA interference using siRNA

RNAi controls numerous vital processes in the human body, including heterochromatin
formation, cell growth, and cell proliferation (Dana et al. 2017). Dysfunction of a vital
process can lead to different diseases. These processes can be regulated using siRNA as a
therapeutic agent by silencing genes coding for disease-causing proteins by RNAi
(Hatakeyama et al. 2009).

The ability to silence genes using dsRNA by RNAi was discovered in Caenorhabditis
elegans in 1998 (Fire et al. 1998). A few years later in 2001, synthetic siRNA was
successfully applied to mammalian cells without causing an immune response (Thompson
2013). The discovery provided the foundation for the understanding of RNAi mechanics,
determined the structure of siRNA, and the study of single-gene function (Dana et al. 2017).
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The mechanism of RNAi first involves cleavage of dsRNA with Dicer, which recognizes the
dsRNA, into smaller fragments forming siRNA. The duplex has a sense strand and an
antisense strand. siRNA then binds to a multiprotein component complex, RNA-induced
Silencing Complex (RISC), which unwinds and separates the two strands (Alshaer et al.
2021). By interacting with the catalytic RISC protein component Argonaute 2 (Ago2), the
duplex unwinds and the sense strand is degraded (Lam et al. 2015). The siRNA antisense
strand bound to the RISC-complex recognizes the complementary mRNA and guides the
complex to it. This enables the antisense strand to base pair with the target mRNA by
Watson-Crick base pairing, while still bound to the RISC complex (Subhan & Torchilin
2020). Using the RISC complex and its Ago2 component, mRNA is cleaved and degraded,
preventing protein synthesis (Dana et al. 2017). For the sequence-specific gene silencing to
work correctly and efficiently, the siRNA must be loaded correctly onto the RISC complex
(Alshaer et al. 2021). The RNAi mechanism can be seen in Figure 7.

Figure 7: RNAi mechanism for sequence-specific gene silencing using siRNA in the cytoplasm. The duplex of
siRNA is delivered into the cell and cleaves target mRNA using a complementary antisense strand bound to the
RISC complex. The protein synthesis is prevented. Modified from (Alshaer et al. 2021).

5.2 Approved drugs based on siRNA

To understand the market and what may be requested regarding synthesis of ncRNA
therapeutics, we need to learn about the mechanism and composition of current drugs. The
focus of this section will therefore be FDA-approved siRNA-based drugs. A description of
these drugs gives an overview of the current status of siRNA-based therapy, what diseases
they target, how they work and how they look. We are going to look deeper into the two
drugs Patisiran and Givosiran that are available for treatment today. All FDA approved
siRNA-based drugs and information about their length, modifications, diseases they target,
mechanism of action, and year of approval can be seen in Table 2. For more information
about the two drugs Lumasiran and Inclisiran see Appendix 14.2.1 and 14.2.2.
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Table 2: siRNA-based therapeutics approved by the FDA. The table contains information about the length,
modifications, target disease, mechanism of action, and year of approval for four siRNA-based therapeutics.

Therapeutic Length Modifications Disease Mechanism of
action

Year of
approval

𝑃𝑎𝑡𝑖𝑠𝑖𝑟𝑎𝑛1 21 nt 2’-Ome Hereditary
transthyretin
amyloidosis

RNAi 2018

2𝐺𝑖𝑣𝑜𝑠𝑖𝑟𝑎𝑛 21/23 nt 2’-F, 2’-Ome, PS Acute hepatic
porphyria

RNAi 2019

3𝐿𝑢𝑚𝑎𝑠𝑖𝑟𝑎𝑛 21/23 nt 2’-F, 2’-Ome, PS Primary hyperoxaluria
type 1

RNAi 2020

4𝐼𝑛𝑐𝑙𝑖𝑠𝑖𝑟𝑎𝑛 21/23 nt 2’-F, 2’-Ome, PS Atherosclerotic
cardiovascular disease

RNAi 2021

References: 1:(FDA 2018), 2:(FDA 2019), 3:(FDA 2020), 4:(FDA 2021)

5.2.1 Patisiran (ONPATTRO®)
Patisiran was the first siRNA-based drug to get approved by the FDA in August 2018 (FDA
2018). It is an RNA interference therapeutic that comprises a small interfering ribonucleic
acid and is used for the treatment of hereditary transthyretin (TTR)-mediated amyloidosis
(hATTR) (Zhang X et al. 2020). This rare life-threatening disease is due to a mutation in the
transthyretin gene. The mutation results in conformational changes of the TTR protein
leading to the formation and deposition of extracellular amyloid fibrils in key organs, such as
the heart and central nervous system (Benson et al. 2011, Luigetti & Servidei 2021). hATTR
amyloidosis has a rapid progression and the average length of survival after diagnosis is 2 to
15 years (Adams et al. 2018).

Patisiran targets a conserved region on the TTR mRNA resulting in decreased production of
the protein causing the disease (Butler et al. 2016). Binding of the siRNA to both mutated
TTR and wild-type mRNA results in its degradation, leading to decreasing levels of TTR
proteins in the body. The siRNA in Patisiran is a synthetically made double-stranded RNA
with 21 nucleotides per strand and a molecular weight of 14,3 kDa (FDA 2018). It has
2’-OMe modifications on all the pyrimidines in the sense strand and on two of the uridines in
the antisense strand. Both strands contain two overhangs of 2’ deoxythymidine residues at the
3’- ends. No modifications are done to the backbone of the chains (FDA 2018, Zhang X et al.
2020). For full chemical composition see Figure 8. To avoid degradation and to optimize the
delivery to the liver, the double-stranded siRNA is encapsulated in a lipid nanoparticle (Hoy
2018, Zhang X et al. 2020).
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5.2.2 Givosiran (GIVLAARI®)
Givosiran was approved by FDA in November 2019 for the treatment of acute hepatic
porphyria (AHP), a rare life-threatening metabolic disorder (FDA 2019). This genetic disease
is caused by a mutation in one of the eight enzymes required for heme biosynthesis. AHP is
characterized by acute attacks due to the accumulation of delta-aminolevulinic acid (ALA)
and porphobilinogen (Sardh et al. 2016, Balwani et al. 2020).

Givosiran is a siRNA-based therapy directed at aminolevulinate synthase 1 (ALAS1), the
first step in heme biosynthesis (Scott 2020, Wang B 2021). It targets ALAS1 mRNA,
resulting in its downregulation. The decreased gene expression prevents ALA accumulation
and reduces the levels of neurotoxic intermediates (Balwani et al. 2020). Givosiran is a
synthetically made double-stranded siRNA with a molecular weight of 17,2 kDa. The sense
strand has 21 nucleotides and the antisense strand has 23 nucleotides (FDA 2019). In order to
bind to specific cellular receptors, the sense strand is covalently linked to a ligand with three
N-acetylgalactosamine (GalNAc) residues (Li J et al. 2021). Givosiran is chemically
modified with a combination of 2’-fluoro and 2’-OMe nucleotides. The backbone of the
chains contains both 3’-5’ phosphodiester linkages and phosphorothioate (PS) linkages (FDA
2019). For full chemical composition see Figure 8.

Figure 8: Chemical composition of the two FDA approved siRNA-based drugs: Patisiran and Givosiran. The
first, Patisiran, contains RNA, DNA and eleven 2’O-methyl modified riboses. The second, Givosiran, contains
twenty-eight 2’-O-methyl modifications, sixteen 2’-Fluoro modifications and six phosphorothioate
modifications on the backbone. Modified from (Roberts et al. 2020).

5.3 Clinical trials based on siRNA

To understand the future market for synthesis of siRNA, it is crucial to get an insight of
where the research is heading and learn about the mechanism of action, targeted diseases, and
the composition of the drugs currently in clinical trials. The focus of this section will
therefore be clinical trials of siRNA-based drugs. There are various drugs in ongoing clinical
trials using siRNA as a therapeutic agent, with several in phase 3 (Alshaer et al. 2021). Some
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of the diseases targeted in the clinical trials are basal cell carcinoma, acute kidney injury,
asthma, primary hyperoxaluria, and non-arteritic anterior ischemic optic neuropathy. To get
an insight into the future of siRNA-based therapeutics, two clinical trials are presented.
Tivanisiran and Fitusiran are two potential drugs in phase 3, their function, mechanisms and
chemical compositions are described (Alshaer et al. 2021).

5.3.1 Tivanisiran

Dry Eye Disease (DED) is a common disease that is expected to affect up to 50% of the
population (Sylentis 2022). DED is a disease of the ocular surface caused by multiple factors.
This results in a loss of homeostasis of the tear film which characterizes the disease, as well
as ocular surface damage and inflammation, hyperosmolarity, and neurosensory
abnormalities (Craig et al. 2017). Transient Receptor Potential Vanilloid-1 (TRPV1) is a
nociceptor in the corneal tissues involved in the regulation of inflammatory response, ocular
transmission, and regulation resulting in an ocular pain stimulus (Sylentis 2022b).

Tivanisiran (SYL1001) is a potential drug administered into the eye as a topical eye drop with
a sodium ophthalmic solution and functions in the corneal tissue. The clinical trial has
entered phase 3 to treat patients with DED (Sylentis 2022a). The chemically synthesized
siRNA is an non-modified, 19 base-pair long duplex using no delivery system due to the local
administration (Moreno-Montañés et al. 2018). siRNA targets TRPV1 mRNA and inhibits
the receptor gene using the RNAi mechanism. By inhibiting TRPV1, the nociceptor neurons
are downregulated, minimizing the symptoms of DED (Sylentis 2022b). DED is a disease
that affects a lot of people and is therefore a good market for production of synthetic siRNA,
the siRNA is also easy to synthesize due to the lack of modifications.

5.3.2 Fitusiran

Hemophilia is a bleeding disorder caused by a dysfunction or deficiency of coagulation
factors due to clotting factor mutations (Creative Biolabs 2022). This causes spontaneous or
traumatic clinical bleeding and almost only impacts males due to being linked to the
X-chromosome recessively. There are two types of hemophilia, type A and B. The former is
due to a deficiency of coagulation factor VIII and the latter by coagulation factor IX
(Creative Biolabs 2022). Antithrombin is a serine protease inhibitor and acts as an
anticoagulant and is mainly produced in the liver (Hepner & Karlaftis 2013).

Fitusiran (ALN-AT3SC) is a potential drug to treat hemophilia A and B using siRNA. The
drug targets antithrombin mRNA in the liver facilitating hemostasis by inactivating the
anticoagulation factors using gene silencing. The siRNA is conjugated with GalNAc to target
hepatocytes and has 2’-fluoro and 2’-OMe modifications (Khvorova & Watts 2017, Creative
Biolabs 2022). The drug has multiple clinical trials ongoing in phase 3 to treat patients with
hemophilia A or B by lowering the amount of antithrombin in the bloodstream (Genzyme
2022a).

26

https://www.zotero.org/google-docs/?broken=rAWazP
https://www.zotero.org/google-docs/?broken=G0SXui
https://www.zotero.org/google-docs/?broken=6y0uir
https://www.zotero.org/google-docs/?broken=nIbN0b
https://www.zotero.org/google-docs/?broken=1cwP0R
https://www.zotero.org/google-docs/?broken=Wi3vqE
https://www.zotero.org/google-docs/?broken=RYZhg9
https://www.zotero.org/google-docs/?broken=KFfgA3
https://www.zotero.org/google-docs/?broken=r8hRie
https://www.zotero.org/google-docs/?broken=eFbfDQ
https://www.zotero.org/google-docs/?broken=eFbfDQ
https://www.zotero.org/google-docs/?broken=Kcp33a
https://www.zotero.org/google-docs/?broken=Kcp33a


5.4 Short hairpin RNA - An artificial long-term variant of
siRNA

The purpose of short hairpin RNA (shRNA) is to provide long-term gene silencing effects
(O’Keefe 2021). shRNAs are transferred into target cells by bacteria or viruses, meaning the
sequences can sometimes be incorporated into the genome. Once inside the cell, shRNA is
cleaved into siRNA, which suppresses gene expression using the RNAi mechanism (O’Keefe
2021).

shRNA is an artificial RNA sequence with a tight hairpin loop, made up from two
complementary strands of 19 to 22 base pairs linked together by a loop of 4 to 11 nucleotides
(Kutter & Svoboda 2008). shRNA is transcribed inside the cell by RNA polymerase II,
cleaved by an endonuclease, and exported to the cytoplasm where it is processed by Dicer
and loaded to the RISC complex. This special synthesis makes it possible to use shRNA for
long-term knockdown of target genes and gives shRNA some therapeutic advantages in
comparison with conventional siRNA-based therapy (Kutter & Svoboda 2008).

Both siRNA and shRNA use the same cellular mechanism, but may be used for different
purposes. Which method preferable to use depends on multiple factors such as time demand,
cell type, and the need for transient or stable integration (Taxman et al. 2010). Given that
shRNA has a long-term effect, using it for indefinite expression could result in a lifelong cure
for the disease (Burnett et al. 2011).

A phase 1 clinical study about treating HIV (human immunodeficiency virus) with shRNA
was done between 2018 and 2020. The study used an shRNA specifically targeting the viral
genome to treat the disease (Lu 2020). Other previous studies have shown promising results
for further investigation of this type of stem cell gene therapy for the treatment of HIV
(DiGiusto et al. 2010).

Therefore we would conclude that shRNA may be the future of siRNA based therapy. In the
event that this method works, the disease-causing target would be permanently suppressed
and the patient would be cured forever. However, shRNA is a relatively new technology and
clinical studies have not progressed very far, so it may take quite some time before this
becomes reality.

6. MicroRNA - Degrade, deadenylate, and repress
translation of mRNA
MicroRNA (miRNA) participates in the regulation of multiple important processes of the
cell, such as differentiation, proliferation, and survival of cells (O’Brien et al. 2018). Thus, a
dysregulated expression of miRNA can result in development of a wide range of diseases
such as cancer and cardiovascular diseases (Plotnikova et al. 2019).
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The first miRNAs were discovered in the organism Caenorhabditis elegans in early 1990 and
now approximately 2,600 mature miRNAs have been identified in the human genome
(O’Brien et al. 2018). miRNA is a small single-stranded non-coding RNA about 18-25
nucleotides long. These short RNA sequences regulate gene expression on a
post-transcriptional level. They bind to mRNA and either degrade it or repress its translation,
causing a gene silencing effect. A single miRNA can target a wide variety of mRNAs
(Plotnikova et al. 2019). In this section, we will provide a brief overview of the mechanism
of both miRNA in the cell as well as the applications of miRNA for therapeutic use. We also
present clinical trials done on miRNA therapeutics. To date, no miRNA based drugs have
been released but there is still great potential for miRNA (Bonneau et al. 2019). As of it
being a heavily researched ncRNA with properties similar to siRNA that make it suitable for
therapeutic use. There are several ongoing clinical trials and pharmaceutical companies
showing interest in miRNAs and their development as therapeutic agents (Bonneau et al.
2019). This section provides further information about miRNA that can be relevant for
oligonucleotide synthesis.

6.1 Mechanisms of Endogenous miRNA, mimics, AntiMiRs,
and miRNA sponges
There are several ways to make use of miRNA for production of therapeutic agents. For
example by synthesizing miRNA mimics, antiMiRs (Figure 9), and miRNA sponges (van
Rooij 2014). The mechanisms of these will be explained to give a better understanding of
how miRNA drugs can function. The mechanism of endogenous miRNA will also be
explained. Both miRNA mimic and AntiMir mechanism drugs have progressed in clinical
trials (van Rooij 2014). To the best of our knowledge, no studies on miRNA sponges have
reached the clinic yet.

Figure 9: Mechanisms of endogenous miRNA, miRNA mimics, and AntiMiRs. From the left: endogenous
miRNA (orange) binds to its target mRNA (gray) causing gene regulation, miRNA mimics (green) bind to
mRNA causing gene regulation, AntiMiRs (yellow) inhibit endogenous miRNA resulting in no gene regulation.
Modified from: (abm 2022).
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6.1.1 Endogenous miRNA
Endogenous miRNA is naturally occuring and DNA encoding for miRNA is transcribed
resulting in primary miRNA. The primary miRNA is processed into precursor miRNA and
cleaved into mature miRNA in the cell. The mature miRNA binds to a protein and forms the
miRNA-induced silencing complex (miRISC) (López-Jiménez & Andrés-León 2021).
Guided by the mature miRNA, miRISC can bind to mRNA with partially complementary
target sites (van Rooij 2014). Nucleotides in positions 2-8 at the 5’-end in the miRNA are
highly conserved and called the seed region (Stenvang et al. 2012). The seed region of the
miRNA is complementary to the 3’ end of the target mRNA. The endogenous miRNA binds
to this mRNA by Watson-Crick base pairing. By binding to the mRNA the complex can
induce different effects on it, for example degradation, deadenylation, or repression of
translation (Stenvang et al. 2012).

6.1.2 miRNA mimics
miRNA mimics are 18-25 nucleotide long fragments of double-stranded RNA with chemical
modifications and function in the same way as endogenous miRNA (Bonneau et al. 2019).
These are synthetically made and used to enhance the levels of naturally occurring miRNA in
the body. The average human has a certain level of each miRNA and too low concentrations
of specific miRNAs can be the cause of disease. Using miRNA mimics to increase the
amount of that essential miRNA could then be used as a form of treatment (Bonneau et al.
2019).

6.1.3 AntiMiRs
AntiMiRs are a type of ASO that targets miRNA (Ebert et al. 2007). They are chemically
modified and made up of single-stranded RNA. These bind directly to the mature miRNA
within the miRISC complex. In which case they prevent miRNA from binding to their target
mRNA and act as a type of competitive inhibitor. This is relevant since miRNA can cause
oncogenic effects when overexpressed in the body. AntiMiRs are used to inhibit miRNA and
can therefore be used to decrease the miRNA levels to the amount of a healthy individual.
This enables AntiMiRs to act as a form of therapeutic agent (Ebert et al. 2007).

6.1.4 miRNA sponges
miRNA sponges could be an alternative for antiMiRs (Ebert et al. 2007). In terms of
effectiveness and function, they can be equally as effective as ASOs. Sponges are pieces of
transcripts with multiple binding sites for miRNA and can be used to block an entire seed
family of miRNA. Seed families consist of miRNA that have the same seed regions. They
prevent interaction between miRNA and their target mRNA by binding to the miRNA. This
is very convenient if miRNA from the same family share pathological, for instance,
oncogenic properties (Ebert et al. 2007).
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6.2 Clinical trials based on miRNA
Clinical trials based on miRNA are presented to further imply that miRNAs are an ongoing
research subject and that pharmaceutical companies see possibilities in their therapeutic
potential. Clinical trials of miRNA therapeutics have been in circuit since Miravirsen, an
antiMir drug for treating Hepatitis C, entered in 2010 (Santaris Pharma A/S 2012). Several
clinical trials are ongoing today but none have yet exceeded phase 2. There have been about
10 clinical trials for miRNA therapeutics, taking into account both still active, suspended, and
terminated ones (Zhang S et al. 2021). In this section we will present two trials chosen due to
them both being active and further progressed (phase 2), see Appendix 14.3.1 for a
terminated trial on Cobomarsen.

6.2.1 Remlarsen
In a phase 2 clinical trial, the potential drug Remlarsen (MRG-201) is used to treat Keloid
disorder, for which patients suffer from thick raised scarring occuring when exposed to
wounds (Kalluri & Weinberg 2009). Epithelial-mesenchymal transition (EMT) is a naturally
occurring process in the body associated with tissue regeneration and wound healing.
Problems with fibrosis and the formation of scar tissue after trauma or injury are often related
to EMT upregulation (Kalluri & Weinberg 2009). Collagen is a protein that is essential for
healthy skin, although upregulated collagen production can result in keloids forming (Mayo
Clinic 2022). MiR-29 is a miRNA that inhibits both collagen expression and EMT in tissue,
which in theory would decrease the chances of scar formation (Gallant-Behm et al. 2019).
Remlarsen is a synthetic miRNA mimic that mimics the activity of miR-29. The study aims
to see whether Remlarsen can prevent keloid scar formation and look into the safety and
tolerability aspects of the drug (miRagen Therapeutics, Inc. 2021).

6.2.2 Lademirsen
A clinical trial on the drug Lademirsen for Alport syndrome (a kidney disease) is currently in
phase 2 and marked active, with the latest update being May 9, 2022. miR-21 is naturally
abundant in the kidney and upregulated in several kidney diseases (Gomez et al. 2015).
Decreasing the amount of miR-21 in patients suffering from these conditions could be equal
to treatment. Lademirsen is an antiMir capable of inhibiting the function of miR-21 and its
expression. The aim is to monitor possible side effects during and after treatment with
Lademirsen (Genzyme 2022b).

7. Small nuclear RNA - Against splicing disruptions
Since a large part of genetic diseases are caused by disruption of the splicing process, small
nuclear RNA (snRNA) may be of interest due to their potential importance in treating
diseases caused by splicing disruption. They can also be combined with ASOs to work more
efficiently (Breuel et al. 2019). In this section we will give an introduction to small nuclear
RNA and discuss the mechanism of the two most commonly used small nuclear RNAs for
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modifying the splicing pattern (Lesman et al. 2021). In addition to this we will also present
an ongoing clinical trial for one of these.

In 1980, it was discovered that small nuclear ribonucleoproteins (snRNPs) are involved in the
splicing of pre-mRNA and catalyze the splicing process. snRNA have been found to form
complexes with snRNPs. They are housekeeping RNAs that are named U1, U2, U3 and so
on. They range in size from 60 to 220 nucleotides (Lerner et al. 1980). Since snRNAs form
complexes with snRNPs and have the ability to bind to pre-mRNA, modifying these could be
an efficient way to treat diseases caused by mutations changing the splicing pattern. For
example, if a mutation causes inability for the naturally occuring snRNA to bind to the
pre-mRNA, the snRNP can not catalyze the splicing and the splicing can not occur at that
site. Modifying the snRNA can solve this problem (Breuel et al. 2019).

The snRNPs make up the spliceosome which is the complex that finds the exons and the
splice site and catalyzes the splicing process. The snRNAs U1, U2, U4/U6, and U5 are parts
of the spliceosome. These five snRNAs recognize splice sites and branch sites by recognizing
the nucleotide sequence (Seraphin & Rosbash 1989). Mutations in the genome can lead to
disruptions in the splicing process, where the spliceosome is unable to splice the pre-mRNA
or splice at the wrong site. Splicing at the wrong site can cause proteins to fold incorrectly
and cause disease. Mutations in the spliceosome itself may also cause disease. One study has
suggested that 60% of all disease-causing mutations lead to disease by disrupting the splicing
process (López-Bigas et al. 2005). The possibility to change the splicing pattern by
modifying snRNA can be used to treat diseases caused by splicing disruptions and diseases
caused by a mutation in an exon (Breuel et al. 2019).

Some diseases caused by splicing disruptions are Retinitis Pigmentosa, Spinal muscular
atrophy, Myotonic dystrophy, and Duchenne muscular dystrophy (Chen X et al. 2014,
Cartegni & Krainer 2002, Lueck et al. 2007, Vieitez et al. 2017). snRNA has the potential to
work as therapy against many of these diseases. They can work as therapy by modifying U7
snRNA to block an important splicing factor in the spliceosome, by modifying U1 snRNA to
compete with the naturally occuring U1 snRNA, or by binding downstream to the natural
occurring U1, the modified snRNA corrects the splicing disruption which leads to decreased
symptoms (Lesman et al. 2021, Breuel et al. 2019).

7.1 Mechanism of U1 and U7 snRNA in splicing
To our knowledge, there is only one clinical trial with snRNA, U7 snRNA used as gene
therapy. However, U1 has shown potential as gene therapy in mouse models (Balestra et al.
2014, Donadon et al. 2019). Due to their potential importance the mechanisms of U1 and U7
snRNA will be discussed in detail.

7.1.1 U1 snRNA
U1 snRNA binds to the 5’ splice site and is the first spliceosomal component to recognize
exons. After U1 has recognized the spice site the other spliceosomal components can bind to
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the intron and catalyze the splicing. Variants of U1 can therefore be used to correct exon
skipping caused by mutations (Donegà et al. 2020). U1 snRNA is 165 nucleotides long (Stark
et al. 2001). There is a variant of U1 called Exon specific U1 snRNA (ExspeU1) which binds
downstream the 5’ splice site and therefore increases gene specificity and promotes
spliceosomal activation (Fernandez Alanis et al. 2012). ExspeU1 has been used in mouse
models with human diseases with mutations at the 5’ splice site that cause exon skipping
(Balestra et al. 2014, Donadon et al. 2019). These promising results show the potential of
modified U1 in gene therapy.

7.1.2 U7 snRNA
The importance of U7 snRNA in gene therapy is discussed in the review article “U7 snRNA:
A tool for gene therapy” (2021). U7 is 63 nucleotides long and builds up the U7snRNP
together with seven proteins. The U7 snRNA is an exception from the other snRNAs since it
does not affect the splicing but is involved in the 3’ end processing of replication-dependent
histone mRNAs. U7 can be used for gene therapy by changing the sequence to bind to the
gene of interest instead of binding to histones and changing the Sm motif. The sm motifs are
small proteins that form heteromers and bind to RNA primarily to uridine-rich RNA. The
modified complex is no longer involved in the processing of histones, however, it is involved
in the splicing and can be used to skip or include specific exons see Figure 10. It can cause
exon skipping by modifying the sequence to bind to the exon of interest. When it binds to the
exon it blocks an important splicing factor which stops the splicing process at that specific
exon. Antisense oligonucleotides can be used for the same purpose, but alone they can cause
an immune reaction and other complications. Using them together with U7, snRNA enables
stable levels of nucleotides, splicing at the desired site, and good stability. Pre-clinical trials
have shown promised usage of U7 as gene therapy. Including the diseases myotonic
dystrophy, HIV-1, ALS, ß-thalassemia, and spinal muscular atrophy. This, together with their
ability to accumulate in the nucleus and good stability, shows the great potential of modified
U7 in gene therapy against many diseases in the future (Gadgil & Raczyńska 2021).
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Figure 10: The left box illustrates the naturally occuring U7 snRNP which binds to the 3’ end of histone
pre-mRNA. The right box illustrates modified U7 snRNP which instead bind to a gene of interest. Modified
from (Gadgil & Raczyńska 2021).

7.2 Clinical trial using small nuclear RNA
Modified U7 snRNA have the ability to block a splicing factor which results in exon
skipping. This can be used to treat diseases caused by exon duplications such as Duchenne
muscular dystrophy (DMD). DMD is a disease where the muscles degenerate over time. The
protein dystrophin that the DMD gene codes for is essential for normal muscular health. The
DMD gene has 79 exons and duplications can occur at different places in the gene. There
have been several clinical trials and drugs developed to skip some of these duplicated exons
to treat the disease. No drugs are yet approved for the most common exon duplication that
causes this disease, exon 2, but a clinical trial is ongoing and presented below (White et al.
2006).

7.2.1 U7 snRNA as Gene Therapy for Duchenne muscular dystrophy
In this clinical trial in phase 1/2a for boys suffering from DMD and with an exon 2
duplication. The patients are treated with intravenous delivery of modified U7 snRNA
delivered by a self complementary adeno-associated virus. The modified U7 snRNA causes
exclusion of exon 2 from the mature mRNA which leads to functional dystrophin which was
shown by preclinical data (Simmons et al. 2021). The drug is injected into the peripheral limb
vein and delivered to the systemic circulation. Immunofluorescent staining in muscle biopsy
will be used in the trial to measure the expression of dystrophin. The expression is quantified
by western blot and RT-PCR analysis is used to measure the exon 2 inclusion (Waldrop
2021).

8. Challenges for non-coding RNA therapeutics
All therapeutic agents have their limitations, even oligonucleotide drugs. The purpose of this
section is to discuss the most serious drawbacks that have been encountered so far for
ncRNA-based therapeutics. Areas such as which delivery system to choose, issues regarding
possible immune responses, and low specificity will be considered. When working with
oligonucleotide based therapeutics, it is important to keep these challenges in mind to ensure
satisfactory therapeutics that are both efficient and safe.

8.1 Delivery
Several challenges need to be overcome for achieving effective and successful delivery of
oligonucleotide therapeutics to the target site (Roberts et al. 2020). These challenges include
selectively delivering the targeted oligonucleotide-based drug to the correct site without any
exposure to other tissues, local delivery of the oligonucleotide-based drug to the appropriate
intracellular level, instability against nuclease degradation, and rapid renal clearance. So far,
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nearly all approved nucleic acid drugs are based on either local delivery, such as to the eye, or
liver delivery (Roberts et al. 2020).

One possible strategy to overcome these challenges is to use nanoparticles as vectors for
delivery. The presence of membrane barriers can be considered to be a delivery problem for
many ncRNAs. Oligonucleotides do not readily pass through the cell membrane due to their
big molecule size and their negatively charged phosphodiester backbone. For instance,
single-stranded ASOs (~4–10 kDa) and double-stranded siRNAs (~14 kDa) are typically
large and have hydrophilic properties (Roberts et al. 2020).

Several important factors should be considered when designing nanoparticles for delivering
the oligonucleotide therapeutic agents. These factors include the size of the nanoparticle,
surface electrostatic nature, lipophilicity, and stability of the nanoparticle (Tatiparti et al.
2017). Renal clearance of oligonucleotides is considered to be the main issue due to the
glomerular filtration in the kidneys. The glomerular filtration barrier has pore sizes of about 8
nm, nanoparticles should therefore be designed to have a larger particle size (Longmire et al.
2008).

8.2 Immunogenicity and toxicity
The new field of oligonucleotide-based therapeutics has been accelerating rapidly and there
have been questions regarding their safety. A clear understanding of the immunogenicity of
all therapeutics is essential to ensure safety for all patients and ncRNA therapeutics are no
exception. This is because antibodies that react with the drug can both alter the effectiveness
of the medication and possibly induce serious side effects (Wang J et al. 2015).

The human immune system recognizes both single-stranded and double-stranded RNA via
pathogen-associated molecular patterns receptors (Winkle et al. 2021). Immune activation
caused by siRNAs used for RNAi was initially described in 2003 (Sledz et al. 2003). The
immunogenicity of the ASO Inotersen was investigated in a phase 2 study and after 15
months more than 30% of patients had antidrug antibodies present. This can potentially lead
to reduced efficacy and even toxicity (Yu et al. 2020).

Interestingly, the chemical modifications used in RNA therapeutics strongly affect
immunogenicity. Modifications can be immunogenic and modifications such as PS may be
more problematic because of the increase in nuclease resistance (Wang J et al. 2015).
However, there are modifications such as PMO that neutralizes the charge of RNA drugs and
therefore reduces the immune response (Winkle et al. 2021). Modifications also enable the
drugs to be administered less often and in lower doses to minimize toxicity and
immunogenicity. Furthermore, ssRNA is more likely to cause immune stimulation than
dsRNA (Sioud 2006). Other factors that impact immunogenicity include sequence length
(Winkle et al. 2021), how the medication is given, and the delivery system used (Stebbins et
al. 2019). These issues could be solved by minimizing sequence length while simultaneously
ensuring specificity to the target sequence. Efficient delivery systems could also avoid excess
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toxicity and enable new ways that the ncRNA therapeutic could be given to the patient
(Roberts et al. 2020).

8.3 Off-target effects and lack of specificity
Finding a good target is the first step in drug development. The article "Noncoding RNA
therapeutics - challenges and potential solutions" states that the quality of oligonucleotide
therapeutics is determined by the power of their on-target specificity as well as the absence of
off-target effects (Winkle et al. 2021). Off-target effects occur when oligonucleotide-based
therapeutics interfere with other genes than the intended target (Goedhart 2020). The
oligonucleotide needs to be specific to the target while not causing on-target side effects due
to non-specific cellular uptake. Avoiding off-target side effects such as silencing of non-target
genes is a big challenge for oligonucleotide therapeutics (Martin et al. 2011). For example,
experiments have shown that siRNA can act on mRNA from many genes, leading to reduced
expression of more genes than the intended target (Sudbery et al. 2010). Oligonucleotide
therapeutics may also cause off-target effects through their interactions with proteins
(Moulder et al. 2008). The development of new drugs is threatened by off-target effects at
two stages: the identification of targets and the validation of the drug’s action (Goedhart
2020).

One way to overcome this challenge is to link the oligonucleotide to a ligand that targets an
overexpressed receptor in the cell of interest (Bander 2013). Chemical modifications can
improve the specificity of oligonucleotide therapeutics. For antisense approaches, gapmers
are used to target specific RNAs (Egli & Manoharan 2019). For siRNA, 2’-O-methyl
modifications have been shown to lower off-target silencing (Jackson et al. 2006).

9. Discussion and conclusion
The aim of the project was to give an overview of ncRNA-based therapeutics. This included
where the greatest potential in the field lies and addressing how synthetic ncRNAs can be
chemically modified. This project achieved its goal by providing a comprehensive overview
of ncRNA therapeutics on the market, clinical trials in the field, and discussing how to
maximize the effectiveness of ncRNA therapeutics by implementing chemical modifications
and delivery systems.

The information this report provides can help Cytiva understand how far the field of ncRNA
therapeutics has already reached and if it is part of the future of therapy. A description of the
length and chemical modifications of the drugs available today can be useful for
understanding what their customers might demand in terms of oligonucleotide synthesis.
Descriptions of clinical trials provide an insight into the potential use of ncRNA therapeutics
in the future and which types of ncRNA to focus on and how they differ from each other.
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The main conclusion drawn from this extensive literature study is that the most promising
ncRNAs for therapeutic use are ASO and siRNA. They both have several approved drugs on
the market and are the only ncRNA therapeutics that have reached the market. Due to their
short length, they are also easier to manufacture than some of the other ncRNAs (LeProust et
al. 2010). ncRNA sequences exceeding 100 nucleotides in length have been limited by the
traditional phosphoramidite-based synthesis methods. This results in additional challenges for
longer oligonucleotide types such as snRNA (LeProust et al. 2010). ASOs and siRNA have
many clinical trials in process and the pace of approved therapeutics based on these
chemistries has accelerated during the last few years. This highlights the increasing demand
for oligonucleotide therapies, and Cytiva has the potential to fill this gap as one of the
suppliers of products for synthesis needed for the future of therapy. We therefore believe it is
crucial to be able to synthesize chemically modified ASOs and siRNA on a large scale to
meet the future demand of the pharmaceutical industry.

Even though miRNA are short as well (18-25 nt) and therefore easy to synthesize, we still do
not believe they have as great potential for therapeutic use. This is based on the fact that the
clinical trials based on miRNA therapeutics often end up either terminated or suspended
(Zhang S et al. 2021). A great deal of research is focused on miRNA and companies are
pushing for miRNA drugs, but good results have proven difficult to obtain. siRNA, which is
about as recently discovered as miRNA, has come a long way while miRNA seems to be
stuck in place in its development. miRNA drugs only have about 10 clinical trials and siRNA
has over 60 as well as several approved drugs (Zhang S et al. 2021). There are still hurdles
for miRNA therapeutics to overcome before reaching the market, the most significant
problem being off-target effects. One miRNA can have up to hundreds of different genes that
they target. This means that introducing more of that specific miRNA or decreasing the
amounts of it could lead to unwanted and harmful effects in the body instead of just treating
the disease the drug was designed for (Zhang S et al. 2021). The development of more
effective delivery systems and chemical modifications could help miRNA drugs in their
evolution and make them more viable candidates for therapeutic use.

snRNA is interesting and has potential for treating diseases caused by splicing disruptions.
This puts snRNA in a similar category as SSOs and there could be an overlap in the disease
which these two types of ncRNA-based treatments target. An advantage of using snRNA over
conventional ncRNA therapeutics is that they normally require lifelong treatment, whereas
snRNA can enable a lifelong therapeutic effect (Gadgil & Raczyńska 2021). However, to our
knowledge there is only one clinical trial based on snRNA. This indicates that more research
needs to be performed for snRNA to reach the market.

Modifications are crucial for the nucleotides to achieve drug-like properties and to avoid
degradation in the body (Wan & Seth 2016). The most common modifications used in
oligonucleotide therapeutics today are PS, 2’-O-MOE, 2’-Ome, 2’-F, nucleobase methylation,
and PMO, see Table 1 and Table 2. Delivery systems, such as lipid-based nanoparticles, are
used for transporting the oligonucleotides through the cell membrane. Benefits of using
delivery systems include protection against nuclease degradation and target specificity.
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ASO-based therapeutics on the market however, are unique since they do not use delivery
systems. Improvements in the field of delivery systems could result in the implementation of
delivery systems in future ASO-based therapeutics (Gupta et al. 2021).

ncRNA contains a large group of molecules with mechanisms applicable to a therapeutic
agent. They have proven to be effective against many genetic diseases as described in Table 1
and Table 2. An advantage of using ncRNA-based therapeutics compared to other drugs is
that they are naturally occurring in the cells which reduces the degree of the immune
response (Stebbins et al. 2019). Oligonucleotide therapeutics also have high specificity
(Takakura et al. 2019) and the medicine can be taken monthly instead of daily (FDA N 2016).
The field also enables great customizability as synthetic oligonucleotides can be designed for
many mRNAs. This makes it possible for many new oligonucleotide therapeutics to be
designed to target new mRNAs in the future (Sciabola et al. 2021). ncRNA therapeutics use
completely different mechanisms compared to most conventional drugs. This can be useful
for diseases where conventional treatments are not effective anymore, one example of this is
Fomivirsen (Roehr 1998).

All of the ncRNAs brought up in this report have the potential for becoming treatments for a
wide range of diseases in the future. Some could even treat diseases that have no treatment
available today. The drugs on the market today are mostly for rare genetic diseases. In the
future, we believe these ncRNA could also be used for more common diseases such as
cancer. Still, some challenges need to be overcome for ncRNA drugs to fulfill their potential
as a mainstream treatment. More research on mechanisms behind genetic diseases needs to be
done in order to be able to produce effective ncRNA therapeutic agents. Since ncRNA drugs
are relatively new, more research and pre-clinical and clinical trials are needed for their
advancement and hopeful release to the market.

We hope this report provided Cytiva with a comprehensive overview of the promising field of
ncRNA therapeutics. The guidance provided can be used to understand and manufacture
products for the growing field of oligonucleotide therapeutics, that we believe is the future of
therapy.

10. Ethical analysis of non-coding RNA as a therapeutic
agent
The discovery of using ncRNA as a therapeutic agent has enabled treatments of previously
untreatable diseases. Using ncRNA shows potential for more effective treatments. One of the
reasons for the high interest in the field is the possibility to study and target genes in every
location in the human body. The future of using the therapy as an alternative to today’s
options can lead to treatments with fewer side effects as well as lowering the mortality and
possibly treating incurable diseases, this also includes very rare diseases. Nevertheless, there
are two sides to the same coin and here we will discuss the ethical dilemmas associated with
ncRNA therapeutics.
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10.1 Justice and fairness
There are aspects of ethics surrounding justice in the ncRNA therapy field. The development
of a new drug within a relatively new field is a very expensive process. This includes the time
spent on research, clinical trials, materials, and manufacturing. The development is an
inefficient process and takes a lot of time and money, this affects the price. The question is,
who pays for the treatments?

One example of an ncRNA-based drug using siRNA is Givosiran which is estimated to cost
about 575 000$ annually (Massachi et al. 2020). The company developing and manufacturing
the drug wants to make a profit, both to cover the expenses for money spent on the research
and development, and because it is a business. Due to these economical aspects, the number
of possible patients who can utilize the drugs is limited. A lot of countries around the world
have healthcare that covers most of the expenses, but this is not the case for all people
affected by the diseases which the ncRNA-based drugs could treat. Is it right of the company
to have such an expensive drug when a lot of people can not afford the treatment? This may
lead to suffering due to the diseases, but at the same time, is it right to demand a cheaper
treatment which may result in a lower interest in research and development in the field? This
also comes with its consequences.

ncRNA has also enabled treatments for very rare diseases, such as hereditary
transthyretin-mediated amyloidosis (hATTR). The people suffering from this disease can not
help that they are sick and have the right to have treatment available. The few people affected
also have the right to have a good quality of life and minimize the suffering caused by the
disease. Is it ethical to invest so much time and money in a drug that only helps a few people
instead of targeting more common diseases such as cardiovascular diseases? These people
may not have any available option to treat their disease either, leaving a lot of people
suffering instead of a few.

Also, is it more important to invest in rare diseases which have no treatment or common
diseases with inefficient treatments? Everybody has the right to a good quality of life, but the
question is, how do you decide which patients to invest in? It is a difficult ethical aspect, but
the progress in treating rare diseases where only a small specific gene is affected may lead to
a faster development to treat more common but complex diseases. So even though it may
seem to have a small effect on society, the knowledge gained may lead to a much larger
positive impact.

10.2 Research ethics
Research conduction is vital for the development of new drugs, which include the
development of ncRNA therapeutics. Hence, the ethical aspects revolving around research
need to be highlighted. In line with the Swedish Research Council, several interests need to
be taken into consideration when it comes to research. Some of the most central aspects
include an interest in knowledge as well as an interest in privacy protection (Vetenskapsrådet
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2017). In order to conduct good research practice, it is vital to find a good balance between
these interests.

The interest in privacy protection can be realized by informed consent along with a thorough
analysis of the relationship between risk and benefit. It is often the case that clinical trials
stretch over long periods, and the outcome is not always in line with the hope and beliefs of
the patient. This stresses the importance of informed consent, both when it comes to the
patients receiving a placebo and the ones receiving the actual drug. Further, it can be
questioned whether it is fair to only give some of the participants the actual drug since it can
provide false hope to the participants receiving a placebo. This can be viewed as an especially
important ethical aspect when it comes to clinical trials for ncRNA therapy since most of the
current ncRNA therapies are used for diseases with no current cure. Another aspect is time.
The fact that it may take a long time before the drug eventually reaches approval could lead
to participants in the clinical trials not being able to take part of the total benefit from the
clinical trial they participate in. The question is whether it is fair to expose a patient to risk
when the same patient might not be able to take part in the total benefit of the study.

The interest in knowledge can be seen as one of the main drivers of progress in research and
it serves as a crucial building block, both for the understanding of diseases as well as for the
development of new drugs. In order to gain new knowledge, some risks need to be taken.
When it comes to drug development these risks need to be taken on animals before a clinical
trial on humans can begin and before the drug can be approved. ncRNA therapeutics often
concern rare diseases, which creates an ethical dilemma whether it is okay to conduct animal
experiments, to the same extent as for common diseases, where the result could contribute to
a larger benefit. Raising this question also raises the aspect of justice, which is discussed
above in Justice and fairness. An important thing to always keep in mind is that all research
contributes to increased knowledge. Whether it is a widely spread disease or an extremely
rare one, research in the field will lead to increased knowledge of the human body.
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14. Appendix

14.1 Additional clinical trials for Antisense oligonucleotides
In this section two additional potentially new ASO-based drugs, Tominersen and STK-001
are described. Their function, mechanism and structure will be presented.

14.1.1 Tominersen
Tominersen (also called IONIS-HTTRX, ISIS 443139, or RG6042) is a 20 nucleotide long
ASO-based potential drug against Huntington's disease (HD) (Tabrizi et al. 2019).
Huntington’s disease is a progressive neurodegenerative disorder caused by abnormal
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amounts of CAG repeats in the huntingtin’s gene. The gene codes for the huntingtin protein
(HTT). Abnormal amounts of CAG repeats in the huntingtin’s gene leads to an abnormally
long stretch of poly-glutamine in the mutant HTT, which results in dysfunction and death of
neuron cells (MacDonald et al. 1993). Tominersen is a gapmer design ASO where the center
is built up by ten nucleotides, whereas the 5’ and 3’ end are 2’-O-MOE modified nucleotides.
Every cytosine nucleobase has undergone nucleobase modification into 5-methylcytosine and
there are both PO- and PS linkages present in the oligonucleotide. Its sequence is
complementary to a specific region in the mRNA coding for HTT. Via Watson-Crick base
pairing Tominersen can bind to the HTT mRNA and induce RNase H-mediated cleavage of
the mRNA, resulting in inhibition of HTT production (Tabrizi et al. 2019).

Tominersen has undergone a clinical trial in phase 1-2a showing a decreased amount of
mutant HTT in patients treated with the drug. The size of the decrease depended on the dose
level (Ionis Pharmaceuticals, Inc. 2019, Tabrizi et al. 2019). Further, a phase 3 clinical trial
was stopped in 2021 due to insecurity of risk/benefit profile according to a press release from
Ionis Pharmaceuticals, who are the developers of Tominersen (Ionis Pharmaceuticals, Inc.
2021). Instead a new clinical trial of phase 2 is being discussed to take place shortly, to
analyze the effect of Tominersen in younger adults (Ionis Pharmaceuticals, Inc. 2022).

14.1.2 STK-001
STK-001 is an ASO-based potential drug against Dravet syndrome, an epileptic condition
that is characterized by seizures and cognitive impairments. Patients with Dravet syndrome
have a high risk of experiencing deadly complications of epilepsy (Wengert et al. 2022).
Dravet syndrome is typically caused by mutations in the SCN1A gene leading to insufficient
production of the α-subunit which is part of the voltage-gated sodium channel NAV1.1 (Han
et al. 2020). STK-001 is designed to increase protein expression by impacting non-productive
splicing events. This is done by up-regulating the wild-type allele to compensate for the
mutated variant (Han et al. 2020). A common mutation that causes Dravet syndrome leads to
a splice difference which includes a new exon. This is problematic since the exon contains a
premature stop codon. STK-001 aims to reduce the inclusion of that exon in order to avoid a
nonsense mutation (Lim KH et al. 2020). This is accomplished by blocking the splicing
mechanism to exclude the nonsense-mediated decay exon and therefore produce the complete
protein (Han et al. 2020). STK-001 is currently undergoing a phase 2 study to test it further
on Dravet syndrome (Stoke Therapeutics, Inc 2022).

14.2 Additional approved drugs based on small interfering RNA
In this section two additional FDA-approved siRNA-based drugs, Lumasiran and Inclisiran,
are described. Their function, mechanism and structure will be presented.

14.2.1 Lumasiran (OXLUMO®)
Lumasiran was the third siRNA-based drug to get approved by FDA in November 2020. It is
used for lowering the levels of urine oxalate in patients with the rare genetic disorder primary
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hyperoxaluria type 1 (PH1) (FDA 2020). PH1 is due to a mutation in the liver-specific
alanine-glyoxylate aminotransferase (AGXT) gene. The disease is characterized by
overproduction of endogenous oxalate leading to end stage renal disease (Abukhatwah et al.
2020).

Lumasiran is a liver directed RNA interference therapeutic agent. It decreases the production
of hepatic oxalate through degradation of the mRNA encoding glycolate oxidase (Garrelfs et
al. 2021). Lumasiran is a synthetic double-stranded siRNA oligonucleotide. For efficient
delivery to the liver the siRNA is conjugated to N-acetylgalactosamine (GalNAc) residues
(Liebow et al. 2017). Lumasiran has 21 nucleotides in its sense strand, 23 nucleotides in its
antisense strand and a molecular weight of 17,3 kDa. The bases on both strands are
chemically modified with either 2’-fluoro or 2’-OMe modifications. The backbone of the
chains has phosphorothioate and phosphodiester linkages (FDA 2020).

Figure 11: Chemical composition of the FDA approved drug Lumasiran. It has thirty-four 2’O-methyl
modifications, ten 2’-Fluoro modifications and six phosphorothioate modifications on the backbone. Modified
from (FDA 2020).

14.2.2 Inclisiran (LEQVIO®)

Atherosclerotic cardiovascular disease (ASCVD) is a common disease and the leading cause
of death worldwide (EMA 2019). ASCVD is causal to hypercholesterolemia, an elevation of
cholesterol due to a disturbance in lipid metabolism. There is an increase in the low-density
lipoprotein cholesterol (LDL-C) in patients diagnosed with the disease (Stone et al. 2014).
The levels of LDL-C in the blood are regulated by serine protease proprotein transform
subtilisin-kexin form 9 (PCSK9). PCSK9 is involved in the reduction of LDL-C uptake due
to the lysosomal degradation of LDL-C receptors by binding to them (Alshaer et al. 2021).

Inclisiran is a chemically synthesized siRNA-based FDA-approved drug against ASCVD.
The chemically modified drug has 2’-fluoro and 2’-OMe modifications and PS modifications
at the 5’-end of the sense strand and at both ends of the antisense strand. The sense strand is
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21 nucleotides and is conjugated with triantennary N-Acetylgalactosamine (GalNAc) to the
3’-end enabling uptake by hepatocytes specifically. The 23 nucleotide antisense strand binds
to RISC intracellularly by RNAi. By cleaving the mRNA encoding for PCSK9, an increase of
LDL-C receptors occurs resulting in a decrease in LDL-C levels in the bloodstream (EMA
2019).

Figure 12: Chemical composition of Inclisiran (Leqvio®). The drug contains DNA, thirty-one 2’-O-methyl
modified riboses, twelve 2’-Fluoro modifications and six phosphorothioate modifications on the backbone.
Modified from (EMA 2020)

14.3 Additional clinical trials for microRNA
In this section one additional (now terminated) clinical trial for miRNA is described.

14.3.1 Cobomarsen
In a clinical trial the drug Cobomarsen (MRG-106) was used to treat Lymphomas; leukemias.
This trial was recently terminated because of business reasons (safety or side effects were not
a concern) and it had by then reached phase 2. One part of the participants were treated with
Cobomarsen, a LNA antiMir, and the other with Vorinostat, a drug that has been used for this
type of treatment before. Cobomarsen is an oligonucleotide which inhibits the miRNA
miR-155. miR-155 has been proven to have an oncogenic (cancer causing) effect
(Anastasiadou et al. 2021).

14.4 Delimitations

In this report we will not focus on non coding RNA (ncRNA) in combination with other
therapeutic agents. In this section we will explain why we have chosen to leave the following
ncRNA out of the report:

TransferRNA-derived small RNA
There is potential for using transferRNA-derived small RNA (tsRNA) as biomarkers, but still
the biology of tsRNAs are not fully known (Kishore & Karunagaran 2022). The research that
is done on tsRNA is relatively new and there is a lot more that needs to be done before it can
be used to diagnose diseases or used as therapeutic agents.
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Suppressor transfer RNA
Suppressor transfer RNA (tRNA) a synthetic tRNA that does not exist in the body. Could be
used to create treatment of diseases caused by nonsense mutations of a protein. This is a very
new field and lately multiple start up companies have started to focus on tRNA treatments.
However, there are very few articles on the subject and most of the information is kept inside
these startups. We did not find any clinical trials using suppressor tRNA as a therapeutic
agent.

Enhancer RNA
We have chosen to exclude enhancer RNA (eRNA) from this report since it is a relatively
newly discovered ncRNA and therefore it has not been investigated enough yet. For example,
Zhenzhen Han and Wei Liits states that there is still a lot more to learn regarding the
mechanism of eRNA, as well as its secondary structure and how it affects the function of the
cell (Han & Li 2022). With this said there is potential for eRNA to become attractive
therapeutics and/or diagnosis of diseases, but for the time being we believe other types of
ncRNAs are more interesting and have come further in research.

Ribosomal RNA
Ribosomal RNA (rRNA) is excluded from this report since we have not found any
information regarding rRNA used as therapeutics nor diagnosis.

Small nucleolar RNA
Small nucleolar RNA has no relevant clinical trials.

Piwi-interacting RNA
When researching piwi-interacting RNA (piRNA) we found that most articles were focused
on its potential as a biomarker and the yet to be started clinical studies also looked at
biomarkers and diagnostics. There is potential for therapy in the future as well but since
piRNA is a fairly new research topic and its mechanisms are still partly unknown, these are
mostly speculations and we decided to exclude it from the therapy section of our report.

Long non-coding RNA
Long non-coding RNA (lncRNA) primarily show great potential as biomarkers (Garofalo et
al. 2021). There could also be potential for them to be targeted by ASO or other ncRNA
based drugs (Chen et al. 2021). With this said, we have not found information indicating
potential for lncRNA to alone act as a ncRNA based drug which is why lncRNA has been
excluded from this report.

Circular RNA
Circular RNA (circRNA) seems to have great potential in future cancer diagnosis, but for
now the research is fairly basic and thereby the knowledge of circRNA is not enough for it to
be included in more advanced research projects. The same goes for therapeutic appliance of
circRNA and therefore we have decided to exclude circRNA from this report.
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