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massive success of COVID-19 RNA vaccines has boosted the interest in this type of molecules of both scientists
and industry, as wells as of the lay public. RNA drugs are easy to design and cost effective, with greatly improved
pharmacokinetic properties thanks to progress in oligonucleotide chemistry over the years. Depending on the
type of strategy employed, RNA therapies offer the versatility to replace, supplement, correct, suppress, or elim-

i}(r%(\]/zrds. inate the expression of a targeted gene. Currently, there are more than a dozen RNA-based drugs approved for
Antisense oligonucleotides clinical use, including some for specific inborn errors of metabolism (IEM), and many other in different stages
RNA interference of development. New initiatives in n-of-1 RNA drug development offer new hope for patients with rare diseases
Gene silencing and/or ultra-rare mutations. RNA-based therapeutics include antisense oligonucleotides, aptamers, small inter-
SIRNA fering RNAs, small activating RNAs, microRNAs, IncRNAs and messenger RNAs. Further research and collabora-
Splicing tions in the fields of chemistry, biology and medicine will help to overcome major challenges in their delivery
to target tissues. Herein, we review the mechanism of action of the different therapeutic approaches using

RNA drugs, focusing on those approved or in clinical trials to treat [EM.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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A. Martinez-Pizarro and L.R. Desviat
1. Introduction

RNA-based therapeutics have revolutionized the drug industry and
expanded treatment options for diseases lacking effective treatments
[1]. Traditionally, protein-targeting small molecules, antibodies and re-
combinant proteins have dominated the therapeutic landscape. RNA
drugs offer the possibility of addressing potentially any disease-
causing gene expression defect at the post-transcriptional or transla-
tional level, thus effectively increasing the “druggable” space. Further-
more, RNA drugs can be easily designed, chemically synthesized,
rapidly adapted for personalized treatments or for targeting an evolving
pathogen, and have been shown to result in minimal adverse secondary
effects. Initial hurdles to their clinical application included inherent in-
stability and poor nuclease resistance, short biological half-life, immune
response and inefficient organ/tissue delivery and cellular uptake. Many
of these challenges have been mainly overcome thanks to the interest
and advancements of a broad scientific community performing contin-
ued basic and translational research for more than 30 years, although
there is still room for improvement [2].

Currently, antisense oligonucleotides (ASO), small interfering RNA
(siRNA), small activating RNAs (saRNA), microRNAs (miRNAs),
aptamers, long non-coding RNAs (IncRNAs) and messenger RNA
(mRNA) are all included in the RNA therapeutics category, with differ-
ent mechanisms of action [3] (Fig. 1). Chemical modifications and sub-
stitutions affecting the nucleotide bases and the phosphate-sugar
backbone have improved their stability and pharmacokinetic
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properties, while the use of several delivery approaches such as conju-
gates and nanoparticles has made possible many therapeutic indica-
tions [4]. More than a dozen molecules have now received marketing
authorization from the Food and Drug Administration (FDA) in the
United States of America, European Medicines Agency (EMA) in
Europe and/or the Japan Ministry of Health, Labor and Welfare
(Table 1), and many others are in ongoing clinical trials [5-7]. Several
reviews have recently appeared on the topic of RNA therapies, stage of
development and options for delivery [4,6,8-13].

RNA drugs can be single or double-stranded, with sizes ranging from
20 nucleotides to more than 1000 (from ~5 kDa up to 10,000 kDa) and
their design and chemistry dictates the mechanism of action, that
broadly includes gene silencing (siRNA, ASO, miRNAs), functional pro-
tein production or upregulation (ASO, mRNA, saRNA) or binding to pro-
teins and other molecules in the case of aptamers or IncRNA [8] (Fig. 1).

Below we describe each type of RNA drugs, along with relevant ex-
amples of their clinical applications, and discuss the associated current
challenges. In inborn errors of metabolism (IEM), rare genetic diseases
in which there is a pathological alteration in a biochemical pathway
generally caused by an enzyme deficiency [14], RNA therapies are also
coming of age, with siRNAs, ASOs and mRNAs in clinical or preclinical
research, approved drugs for primary hyperoxaluria type 1 (PH1,
OMIM #259900) and acute hepatic porphyria (AHP, OMIM #612740),
and future research using different approaches envisaged for many
diseases, including the recently discovered potential use of a IncRNA
for phenylketonuria (PKU, OMIM #261600) [15].

}
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Fig. 1. Outline of the different classes of RNA therapeutics. Boxes show approved drugs and diseases targeted for each type of RNA therapy. RNA, ribonucleic acid; ASO, antisense oligonu-
cleotide; SSO, splice switching oligonucleotide; A, adenosine molecule; RNAi, RNA interference; miRNA, microRNA; saRNA, small activating RNA; siRNA, small interfering RNA; mRNA,
messenger RNA; IncRNA, long non-coding RNA; DMD, Duchenne muscular dystrophy; SMA, spinal muscular atrophy; NCL, neuronal ceroid lipofuscinosis; CMV, cytomegalovirus;
hATTR, hereditary amyloidosis transthyretin related; FCS, familial chylomicronemia syndrome; ALS, amyotrophic lateral sclerosis; AHP, acute hepatic porphyria; PH1, primary

hyperoxaluria type 1. Figure generated using BioRender.com.
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Table 1

RNA therapeutics approved for clinical use by May 2022.
Drug Type Indication Target Chemistry Delivery/target organ FDA approval date Reference
Fomivirsen (Vitravene) RNAse H1 ASO CMV retinitis CMV UL123 PS DNA ITV/eye 1998 [59]
Mipomersen (Kynamro) RNAse H1 ASO hypercholesterolemia ApoB-100 PS 2’-MOE SC/liver 2003 [60]
Inotersen (Tegsedi) RNAse H1 ASO hATTR transthyretin PS 2’-MOE SC/liver 2018 [61]
Volanesorsen (Waylivra) RNAse H1 ASO FCS Apo-CIII PS 2’-MOE SC/liver 2019 (EMA) [62]
Pegaptanib (Macugen) aptamer (PEG) macular degeneration ~ VEGF265 2'-OMe modified ITV/eye 2014 [63]
Patisiran (Onpattro) siRNA (LNP) hATTR transthyretin 2’-OMe modified IV/liver 2018 [64]
Givosiran (Givlaari) siRNA-GalNac AHP ALAS1 2'-OMe modified SC/liver 2019 [25]
Lumasiran (Oxlumo) siRNA-GalNac PH1 GO 2'-OMe modified SC/liver 2020 [24]
Inclisiran (Leqvio) siRNA-GalNac hypercholesterolemia PCSK9 2’-OMe modified SC/liver 2021 [65]
Eteplirsen (Exondys 51) SSO DMD DMD exon 51 PMO IV/muscle 2016 [66]
Golodirsen (Vyondys 53) SSO DMD DMD exon 53 PMO IV/muscle 2019 [67]
Viltolarsen (Viltepso) SSO DMD DMD exon 53 PMO IV/muscle 2020 [68]
Casimersen (Amondys 45) SSO DMD DMD exon 45 PMO IV/muscle 2021 [69]
Nusinersen (Spinraza) SSO SMA SMN2 exon 7 PS-2’-MOE IT/CNS 2016 [70]
Milasen SSO NCL7 MFSD8 PS-2’-MOE IT/CNS 2019 (n = 1 trial) [38]
Jacifusen RNAse H1 ASO ALS FUS PS 2’-MOE IT/CNS 2019 (n = 1 trial) [56]

1.1. mRNA therapies

The idea of introducing mRNA into cells, that will then translate it to
produce the corresponding protein and thus serve as treatment for dis-
eases caused by protein dysfunction, or serve to elicit an immune re-
sponse to prevent disease or fight cancer (Fig. 1), is quite simple. The
first demonstration of the potential of mRNA to be used as a drug was
in 1990, when different proteins were shown to be expressed after
injecting mRNA into mouse skeletal muscle [16]. Within a few years,
the approach was proven to have therapeutic potential in a rodent
model of diabetes insipidus [17]. However, during the successful
development and utilization of the mRNA COVID19 vaccines, many
people believed that this was a new technology coming out of nowhere
in less than a year. Actually, basic and translational research in mRNA
applications had been ongoing for decades, with many of the initial
drawbacks already overcome [18]. To date, there are several therapeutic
modalities that use mRNA: i) what is known as replacement therapy,
where administered mRNA codes for a defective, missing or a
therapeutic protein; ii) for ex vivo cell therapy, where mRNA is
transfected into cells to modify their phenotype or function (cancer im-
munotherapy) and iii) vaccination, where mRNA codes for specific
antigen(s).

mRNA as replacement therapy holds great promise for genetic dis-
eases, as an alternative to DNA-based gene therapy or recombinant pro-
tein administration, more expensive and laborious to manufacture. One
advantage is that mRNA does not require delivery into the nucleus, thus
reducing the risk of integration into the host genome, although mRNA's
effects are temporary, which requires regular re-administration. These
two facts actually reduce the concern in long-term safety issues,
which may help accelerate approval by regulating agencies. Further-
more, the massive success in mRNA COVID19 vaccines will clearly im-
pact in the public acceptance of therapeutic uses of mRNA.

Two main initial challenges in the clinical use of mRNA, immunoge-
nicity and stability of the RNA molecule, have been solved by use of dif-
ferent modifications in its structural components: 5’-Cap, 3’-UTR and
poly(A) tail have been optimized, non-standard nucleosides are cur-
rently used, and codon optimisation is introduced to increase translat-
ability. The other essential component of mRNA therapy is the
delivery agent, the lipid nanoparticle (LNP) that can deliver the mRNA
into the cytoplasm [19]. Each pharmaceutical company has its own pro-
prietary LNP and targeted delivery has been efficiently developed for
liver, lung and heart.

Different companies have produced mRNA candidates for IEM and
some are currently being tested in clinical trials. Applications focused
in the liver include mRNA therapy for organic acidemias
(methylmalonic aciduria, MMA: OMIM #251000 and propionic
acidemia, PA: #606054) (Fig. 2A), AHP, ornithine transcarbamylase

(OTC) deficiency (OMIM: #311250) and PKU, recently reviewed in
[19]. In each case, mRNA of the defective gene is delivered with LNP sys-
temically, and, in the case of PA, both the PCCA and PCCB mRNAs are de-
livered together, to ensure correct restoration of the propionyl-CoA
carboxylase (PCC) enzyme complex, as it was demonstrated that this
strategy results in higher PCC activity than using single (PCCA or PCCB)
mRNA alone [20]. Other applications include the research in systemi-
cally administered mRNA encoding human a-Gal A for treating Fabry
disease (OMIM #301500) [21], while delivery to the lung is exemplified
by the development of an mRNA therapy for cystic fibrosis (OMIM #
219700) [8].

1.2. siRNA therapy

RNA interference (RNAi) was first discovered by Fire and Mello in
1998 [22] and quickly developed as a biological tool for the post-
transcriptional silencing of specific genes. Its mechanism is triggered
by the action of small interfering RNAs (siRNAs), double-stranded
RNAs typically 20-27 base pairs in length with 3 nucleotide overhangs,
after being processed by the Dicer enzyme from precursor double
stranded RNAs. The antisense strand (also called the guide strand)
binds with perfect complementary to its target mRNA sequence leading
to its degradation through the RNA induced silencing complex (RISC) in
the cytoplasm [23]. Over recent years, many studies have provided the
proof of concept of the therapeutic potential of exogenous synthetic
siRNAs, chemically modified to enhance stability and prevent nuclease
mediated degradation. To date, four siRNA drugs have been approved
(Table 1) and clinical trials are ongoing for several disorders [6].

Different approaches have proven successful for liver delivery
of therapeutic siRNAs: LNP and conjugation to triantennary N-
acetylgalactosamine (GalNAc) ligand that binds to the asialog-
lycoprotein receptor (ASGPR) in hepatocytes, both for systemic admin-
istration. The first LNP-RNAi drug was approved in 2018 to treat
polyneuropathy in patients with hereditary amyloidosis transthyretin
related (hATTR amyloidosis, OMIM #105210) and three GalNac-
conjugated RNAI drugs have been approved to date, for treating AHP,
PH1 and hypercholesterolemia (familial and non-familial) (Table 1)
[9]. This last case represents the first example of an approved RNA
drug developed to treat a prevalent disease, which may become the
first widely used siRNA drug, after reassuring safety and efficacy data
from clinical trials on thousands of patients [9].

In the metabolic disease PH1 there is an increase in hepatic oxalate
production caused by a deficiency of the liver peroxisomal enzyme
alanine-glyoxylate aminotransferase, that converts glyoxylate to gly-
cine. Glyoxylate is produced from glycolate by the glycolate oxidase
(GO) enzyme. Excess glyoxylate in PH1 is converted to oxalate that is
delivered to the kidneys for excretion, causing hyperoxaluria and
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Figure generated using BioRender.com.

progressive kidney disease, while continued calcium oxalate deposition
in tissues results in severe end-organ damage. Lumasiran is a GalNac-
siRNA approved in 2020 that targets the HAO1 mRNA coding for the
GO enzyme, thus decreasing the production of glyoxylate and oxalate
in PH1 patients and lowering plasma and urinary oxalate levels
(Fig. 2B) [24].

In AHP there is an accumulation of the neurotoxic porphyrin precur-
sors delta-aminolevulinic acid and porphobilinogen, caused by en-
hanced activity of aminolevulinate synthase 1 (ALAS1), in the hepatic
pathway of heme biosynthesis. The disease is characterized by acute,
potentially life-threatening neurovisceral attacks. Givosiran, approved
in 2019, is a GalNac-siRNA that targets ALAST mRNA, thus silencing
the expression of the gene and decreasing the accumulation of neuro-
toxic porphyrin precursors in patients, reducing the number of acute at-
tacks and improving symptoms of the disease, although personalized
dosing regimens are required [25].

1.3. saRNA therapy

Small activating RNA (saRNA) is a type of double stranded (ds) RNA
that induces target gene upregulation, thus constituting a promising op-
tion for treating human diseases. In 2006, Li et al. showed that transfec-
tion of a dsRNAs targeting the promoter of human E-cadherin, p21 and
VEGF genes activated their transcription [26]. The mechanism was
shown to be sequence specific and dependent on Argonaute 2 (Ago2)
[27]. Epigenetic changes and spatial conformation of specific sequences
in the mRNA lead to transcription activation [28]. In terms of therapeu-
tic development, saRNAs targeting multiple cancers have been devel-
oped in preclinical models and there is an ongoing clinical trial with
an saRNA targeting C/EBP for liver cancer [29]. saRNAs have the poten-
tial of treating genetic diseases characterized by haploinsuficiency or
hypomorphic alleles, thus many IMD can be envisaged to benefit from
this strategy in the future.
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1.4. Antisense oligonucleotides (ASO)

Apart from siRNAs, the other post-translational mechanism of gene
silencing broadly used for therapeutic purposes involves the use of
RNAse-H1 recruiting ASOs. RNAse H1 cleaves RNA in RNA/DNA duplexes
and is present both in the cytosol and in the nucleus, in contrast to the
RISC complex elicited by siRNAs which is localized in the cytoplasm
[30]. In first-generation ASO, phosphorothioate (PS) linkages within
the ASO backbone were introduced in order to avoid nuclease degrada-
tion. Since then, extensive progress was made in ASO chemistry to en-
hance stability and potency, resulting in second generation ASO that
include common ribose 2’-O-methyl (2’-OMe) and 2’-O-methoxyethyl
(2'-MOE) modifications and further third-generation ASO that alter nu-
cleoside conformation, such as in locked nucleic acids (LNA), constrained
ethyl nucleoside analogues (cEt), tricyclo-DNA (tcDNA), or use of alter-
native chemistries such as phosphorodiamidate-modified morpholino
oligomers (PMOs) [4,30]. Fully modified ASOs do not recruit RNase H1,
therefore, for this purpose, gapmer ASOs are designed that have a central
gap of DNA nucleotides with a PS backbone flanked with modified nucle-
otides on both sides [30]. Gapmers can be used to downregulate genes in
allele independent or allele-specific manner.

To date, four RNAse H1 recruiting ASO have received approval from
one or more regulatory agencies, the first was a PS DNA-based ASO de-
veloped for treating CMV retinitis patients (Fomivirsen) (Table 1). Sub-
sequently approved were allele independent drugs for treatment of
familial hypercholesterolemia (Mipomersen targeting ApoB lipoprotein
mRNA) (Fig. 2C) and of familial chylomicronemia syndrome, hyper-
triglyceridemia and familial partial lipodystrophy (Volanesorsen,
targeting apolipoprotein CIII mRNA). Both are PS 2’-MOE gapmers,
that effectively lower the levels of specific lipids increased in these dis-
eases [31]. In contrast, Inotersen is a gapmer designed to specifically tar-
get the mutant TTR mRNA encoding a transthyretin protein with a
dominant-negative effect in autosomal dominant hATTR (Table 1) [32].

The other type of therapeutic ASO in the market are fully modified
and use a non RNAse H1-dependent mechanism for splicing modula-
tion, whereby the ASO (commonly named as splice-switching antisense
oligonucleotide or SSO) targets, and thus blocks, binding sites for
spliceosomal components or for splice regulatory factors. The mecha-
nism implies steric hindrance for RNA binding proteins to access their
binding motifs and results in an alteration in pre-mRNA splicing in the
nucleus. This is used for a variety of purposes with a therapeutic aim:
promoting exon inclusion or exon skipping, preventing aberrant cryptic
splice site usage, modifying alternative splicing and preventing
pseudoexon inclusion [33].

Dominski and Kole were the first to demonstrate that ASO could be
used to target splicing in 1993, correcting an aberrant splicing defect in
the beta-globin gene causing beta-thalassemia [34]. Correct splicing re-
lies on the presence of conserved 3’ and 5’ splice sites at the intron-exon
junctions as well as of other cis-acting elements such as exonic/intronic
splicing enhancers (ESE, ISE) or exonic/intronic splicing silencers (ESS,
ISS), that participate in a finely balanced interplay in exon recognition.
Depending on the region targeted by the SSO, the splicing outcome
will be different. The SSO Nusinersen (commercial name Spinraza)
acts by blocking an ISS in intron 7 of the SMN2 gene, thus favouring
exon 7 inclusion and the production of a functional SMN protein as ther-
apy for spinal muscular atrophy (SMA). This is by far the most successful
SSO to date, both clinically (treated patients show significant improve-
ments in motor skills and muscle function) and commercially, achieving
more than $4.5 billion in sales by the end of 2019 [1]. In Duchenne mus-
cular dystrophy (DMD), several approved SSOs target ESEs in specific
exons, promoting exon skipping to produce a mature transcript with a
restored open reading frame coding for a partially functional dystrophin
(Table 1) [4].

SSOs have also been used to block cryptic splice sites or activated
pseudoexons preventing their aberrant inclusion in the mRNA. Many
pseudoexons are transposable sequence elements and are frequently
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activated by point mutations causing human disease [35]. Blocking
with SSO the splice sites or enhancer elements in the pseudoexon re-
stores normal splicing and this has been proven successful in many pre-
clinical studies in different diseases, including IEM [33,36,37]. Recently,
an SSO (Milasen) (Fig. 2D) targeting an activated pseudoexon in
the CLN7 gene causing neuronal ceroid lipofuscinosis (NCL, OMIM
#610951, a type of Batten's disease) was developed and approved by
the FDA for clinical testing just within one year, and, most extraordi-
nary, it was designed for just one patient (Mila) carrying this private
mutant allele (Table 1) [38]. This marked the beginning of n = 1 trials
for patients with ultra-rare mutations, extreme examples of personal-
ized medicine. Similarly, the RNA drug Jacifusen was designed and
tested in a patient (Jaci Hermstad) suffering from amyotrophic lateral
sclerosis with mutations in the FUS gene (Table 1). Unfortunately,
both Mila and Jaci died recently. However, Jacifusen is currently
being tested in a phase III trial for patients with the same disease
(NCT04768972), exemplifying that these ASO based individualized
treatments may, sometimes, be extended to other patients. Different ac-
ademic groups and private foundations in several countries, in collabo-
ration with industrial partners, are since then working to develop such
customized ASO using non-profit model approaches [39]. Very recently,
aworldwide initiative for development of n = 1 RNA therapies has been
started (https://www.n1collaborative.orgy/).

Another therapeutic approach of SSO in development is the so called
“targeted augmentation of nuclear gene output” (TANGO) [40]. Many
disease-associated genes undergo non-productive splicing, due for ex-
ample to residual aberrant incorporation of pseudoexons during the
splicing process. SSO targeting these pseudoexons reduce their inclu-
sion, resulting in an increase in functional mRNA and protein levels in
monogenic diseases characterized by haploinsufficiency, as in Dravet
syndrome [41] or in patients carrying hypomorphic alleles which is
quite frequent in many IEM. In fact, PA resulting from PCCA gene defects
was described as a candidate gene for application of this novel approach
[40], due to the presence of a naturally occurring alternative splicing
event including a pseudoexon that disrupts the open reading frame
and induces nonsense-mediated mRNA decay [42]. In theory, the ap-
proach could be applicable to other IEM with naturally occurring
pseudoexon inclusion events and missense mutations with residual
activity [37,43].

In addition, research is ongoing with fully modified ASO acting as
steric blockers for different therapeutic aims, including targeting trans-
lational initiation sites to inhibit protein production, or inhibiting
sequestration of RNA binding proteins by a mutant gain-of-function
toxic RNA, as in myotonic dystrophy [44].

1.5. Aptamers

Aptamers are short single-stranded nucleic acids that act by binding
proteins due to their tertiary structure, thus mimicking antibodies, al-
though with considerable advantages in terms of size, structural flexi-
bility, superior target recognition and easier synthesis [45,46]. They
are typically identified after iterative enrichment rounds from a random
pool of degenerate oligonucleotide sequences and selection on the basis
of their binding or functional activities (an in vitro procedure to select
functional nucleic acids, termed SELEX) [47]. Only one aptamer-based
drug has received approval so far, pegaptanib (Macugen), for the pre-
vention of age-related macular degeneration (Table 1), although many
others are now being developed [45].

1.6. miRNA-based therapies

miRNAs are short noncoding RNAs, 20-24 nucleotides in length, that
act regulating gene expression by base pairing with target mRNAs in the
cytoplasm, resulting in their degradation or in inhibition of translation
[48]. miRNAs are generated by RNA polymerase II as hairpin stem-
loop precursors (pri-miRNAs), which are first processed in the nucleus
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by Drosha/DGCRS or by alternative mechanisms, resulting in a ~ 70 nu-
cleotides pre-miRNA. Following nuclear processing, pre-miRNAs are
transported to the cytoplasm and further processed by Dicer into a ds-
miRNA which is loaded into AGO proteins. One of the strands is de-
graded and the other remains as the mature miRNA. Gene silencing is
elicited through the RISC complex mediated by base pairing of the
miRNA with the 3’ untranslated regions of target mRNAs [48]. The
first miRNA, lin-4, was discovered in 1993 in Caenorhabditis elegans
[49] and, since then, thousands of miRNAs have been identified both
in humans and other species. There is a tissue-specific expression of
miRNAs and their functional importance in normal biological processes
is to date well established, as is the link between their dysregulation and
pathological processes operating in different diseases, including cancer,
neurodegenerative, cardiovascular diseases, diabetes and IEM [50,51].
miRNA-based therapeutics can be categorized into two types: miRNA
inhibitors (antimiRs or antagomiRs), which are ASO targeting the corre-
sponding miRNA, and miRNA mimics, precursor double-stranded RNA
molecules that when added exogenously, follow the same mechanism
of gene silencing as miRNAs. To date, there are no miRNA-based drugs
on the market, although several promising candidates are being devel-
oped or are in clinical trials, the vast majority for cancer, but also for
monogenic diseases, e.g. an antimiR-23b for myotonic dystrophy that
acts by increasing MBNL protein levels thus reversing the disease
phenotype [52], or an antimiR-21 to treat Alport Syndrome
(NCT02855268).

1.7. IncRNAs

IncRNAs are noncoding RNAs longer than 200 nucleotides in length,
that share some characteristics with mRNAs (they are often 5’ capped,
3’ polyadenylated and undergo splicing) but have very low protein cod-
ing potential. As with miRNAs, they also exhibit tissue specificity and
emerging evidence points to their relevant functional roles in normal
physiology. Altered expression of IncRNAs have been associated with
cancer, metabolic, developmental and cardiovascular diseases and
their mechanism of action regulating gene expression includes recruit-
ment of chromatin-modifying complexes, antisense transcription, splic-
ing regulation, miRNA interaction or protein scaffolding, among others
[53,54].

Recently, the IncRNA HULC (Pair in mice) was discovered to be in-
volved in the regulation of phenylalanine hydroxylase (PAH) activity,
by virtue of a direct interaction with the regulatory region of the en-
zyme, facilitating the interaction with substrate and cofactor [15]. De-
pletion of this IncRNA in mice led to a characteristic PKU phenotype
and administration of a HULC IncRNA mimic was found to enhance re-
sidual enzyme activity of the common p.R408W PAH variant, thus pro-
viding the first example of a IncRNA linked to the pathophysiology of an
IEM [15]. These observations suggest potential therapeutic application
of this IncRNA mimics for the future treatment of some PKU patients
[55] and pave the way for the study of the role of IncRNAs in the patho-
physiology of other IEM and of novel IncRNA-based applications for
their treatment.

2. Conclusions and future perspectives

Although currently there are only around a dozen therapeutic RNA
drugs (plus two mRNA vaccines) formally approved for clinical use,
there are many new such drugs in the pipeline for a plethora of both
rare and common diseases. With the exception of aptamers and some
IncRNAs, as in the case of HULC, RNA drugs interact with different
nucleic acids, thanks to sequence specific Watson-Crick base pairing.
This makes them easy to design to bind specific targets, less likely to
cause side effects and are in many ways considered as one of the leading
candidates for the next wave of precision medicine. There are still signif-
icant challenges in developing efficient RNA drugs for therapeutic pur-
poses, mainly related to targeted delivery and endosomal escape after
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cellular uptake, which have been reviewed elsewhere [4,10]. However,
they have already proven to be an ideal modality to meet clinical
unmet needs. They have even offered hope for ultrarare disease patients
due to their easy and fast individualized development, with n = 1 trials
that have re-evaluated the speed and type of safety studies and regula-
tory requirements [56].

There appears to be no limit to RNA therapies [8]. Recent data with
engineered tRNAs that can suppress premature termination codons
suggest the exciting possibility that a single tRNA drug may be used to
treat multiple diseases, indicated for patients with the same type of
nonsense mutations, that overall account for an estimated 11% of all
pathogenic variants [57,58]. Indeed, all the research efforts and the in-
vestment into mRNA solutions are well worth it, and IEM will surely
benefit from current and future development of all RNA therapeutic
strategies.
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