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1 | INTRODUCTION

Ainhoa Martinez-Pizarro

| Lourdes R. Desviat

Abstract

RNA has triggered a significant shift in modern medicine, providing a promis-
ing way to revolutionize disease treatment methods. Different therapeutic
RNA modalities have shown promise to replace, supplement, correct, suppress,
or eliminate the expression of a targeted gene. Currently, there are 22 RNA-
based drugs approved for clinical use, including the COVID-19 mRNA vac-
cines, whose unprecedented worldwide success has meant a definitive boost in
the RNA research field. Urea cycle disorders (UCD), liver diseases with high
mortality and morbidity, may benefit from the progress achieved, as different
genetic payloads have been successfully targeted to liver using viral vectors,
N-acetylgalactosamine (GalNAc) conjugations or lipid nanoparticles (LNP).
This review explores the potential of RNA-based medicines for UCD and the
ongoing development of applications targeting specific gene defects, enzymes,
or transporters taking part in the urea cycle. Notably, LNP-formulated mRNA
therapy has been assayed preclinically for citrullinemia type I (CTLN1), ado-
lescent and adult citrin deficiency, argininosuccinic aciduria, arginase defi-
ciency and ornithine transcarbamylase deficiency, in the latter case has
progressed to the clinical trials phase.
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genetic therapies, either DNA or RNA-based, may pro-
vide the opportunity to modify the natural history of

The urea cycle is a liver-based pathway enabling the
elimination of neurotoxic ammonia produced by deami-
nation of amino acids. Defects in the enzymes or trans-
porters involved in this pathway are collectively known
as urea cycle disorders (UCD), rare diseases with an often
fatal course despite protein-restricted dietary manage-
ment and pharmacological treatments." Liver transplan-
tation remains the only curative treatment to date;
therefore, there exists a significant unmet clinical need of
novel therapies. In this sense, with liver as target organ,

these diseases, by correcting genetic defects or supple-
menting gene expression.

Gene therapy using adenoviral or adeno-associated
vectors has been explored for many years for several
UCD enzyme deficiencies, with different clinical trials
presently ongoing.” In recent years, the development of
mRNA biotherapeutics and antisense oligonucleotide
(ASO) therapies have modified the perspective of how
diseases can be treated, based on the massive clinical suc-
cess of COVID-19 mRNA vaccines and the approval of
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different antisense drugs for rare diseases.>* In addition,
the emergence of CRISPR/Cas gene editing technologies,
with increasing pre-clinical data and numerous ongoing
clinical trials, has opened new personalized treatment
opportunities for rare diseases.’

Even though therapeutic RNA has today become a
reality, the RNA molecule was for a long time considered
unsuitable for clinical use because of its labile nature and
its immunogenic properties. Years of rigorous research
and steady progress in chemical modifications®’ and
development of different delivery and cell/tissue targeting
modalities®® have mainly overcome these limitations.
The seminal contributions of Katalin Kariké and Drew
Weissman to the research in modifications of the mRNA
molecule and its use in vaccines was recently recognized
by the award of the 2023 Nobel Prize in Medicine or
Physiology."’

Targeted delivery has been, and in many cases con-
tinues to be, one of the main challenges in the clinical
translation of RNA drugs. In some cases, RNA medicines
can be administered locally, for example intratumoural,
intrathecal (for brain delivery, bypassing the blood-brain
barrier), or intravitreal. Systemic administration by sub-
cutaneous and intravenous routes largely results in their
distribution to liver and to renal clearance.” A wide vari-
ety of delivery approaches, using viral vectors, ligand
conjugates, or nanocarriers, have improved the transport
and bioavailability of RNA drugs, achieving safe and
effective delivery to target organs.>®° For specific deliv-
ery to hepatocytes, relevant for UCD, lipid nanoparticles
(LNP) and tri-antennary  N-acetylgalactosamine
(GalNAc) conjugation have been shown to be the most
effective strategies after systemic administration.'' Gal-
NAc is a ligand of the asialoglycoprotein receptor, specifi-
cally and abundantly expressed on the membrane surface
of parenchymal hepatocytes, with rapid internalization
and turnover kinetics. LNPs can be modified with target-
ing moieties for preferential liver distribution and hepato-
cyte uptake. ApoE-coated LNPs bind to the LDL receptor
expressed on the surface of hepatocytes which mediate
cellular uptake.'? However, given the functional speciali-
zation of liver parenchyma known as metabolic zonation,
with urea cycle enzymes predominantly expressed in
periportal hepatocytes,'® cell-type specific targeting is
necessary in the context of UCD. This issue has been
addressed in different reports using LNP-mRNA formula-
tions, and results showed a preferential localization of
the enzymes encoded by the mRNA molecule (ornithine
transcarbamylase-OTC and arginase 1-ARGI1, in the
referred studies) in periportal hepatocytes, with lower
immunoreactivity in hepatocytes around central
veins."*'> In another study, using a novel two-
nanoparticle mRNA delivery system comprising a

(GalNAc)-targeted polymer micelle and an LNP-OTC
mRNA formulation, the authors showed rapid and potent
liver mRNA expression dependent on both nanoparticles,
correlating with a therapeutic benefit in a murine model
of OTC deficiency (OTCD).'® This indirectly indicates
that the GalNAc conjugate effectively targets periportal
hepatocytes.

The main types of RNA-based drugs include
(i) single-stranded ASO, with different modes of action:
gene silencing by RNAse H1-dependent transcript degra-
dation, or steric blocking to modulate splicing, to activate
or to inhibit translation; (ii) short interfering RNAs
(siRNA), with a double-stranded structure that after pro-
cessing are incorporated into the RNA-induced silencing
complex eliciting gene knockdown; (iii) aptamers, single-
stranded nucleic acid molecules, highly 3D structured
and with high affinity and specificity for target proteins,
modulating their action; (iv) microRNAs (miRNA) inhib-
itors (which are essentially ASO targeting the corre-
sponding miRNA) and miRNA mimics, precursor
double-stranded RNA molecules that when added exoge-
nously, follow the same mechanism of gene silencing as
miRNAs; (v) mRNA, coding for therapeutic or antigenic
proteins/peptides; (vi) small activating RNA, a type of
double-stranded RNA that induces target gene upregula-
tion, and (vii) suppressor tRNAs that induce nonsense
codon readthrough'” (Table 1). It should be noted that in
this latter modality, a single suppressor tRNA drug may
be used to treat multiple diseases, indicated for patients
with the same type of nonsense mutations. In UCD, non-
sense mutations have a frequency ranging from 7% to
10% (CPS1, OTC, ASL, ASS1, ARG1, and NAGS genes) up
to 14% and 31% (SLC25A15 and SLC25A13, respectively)
(Human Mutation Database, https://www.hgmd.cf.ac.uk/).
In some cases, CRISPR-based gene editing technologies are
included as RNA-based therapies, as nucleases/base editors
are delivered as mRNA, together with chemically synthe-
sized guide RNA>**">* (Table 1).

Currently, 22 RNA-based drugs are in clinical use,
most of them indicated for rare genetic diseases. Overall,
2 aptamers, 5 splice switching ASO, 5 knockdown ASO,
6 siRNAs, and 3 mRNA vaccines have been approved
worldwide. They feature varying degrees of nucleic acid
modifications, with or without lipid formulation or Gal-
NAc conjugation.?

In this review, we explore the potential and the ongo-
ing progress of RNA-based drugs for UCD (Figure 1),
focusing on ASO and mRNA therapies, as well as men-
tioning the advances in gene editing which is in active
development using mRNA-encoded nucleases/editors. To
complete the genetic therapeutics scenario for UCD we
refer the readers to recent excellent reviews on gene
therapy.>*°
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TABLE 1 RNA therapeutic modalities approved or in development.
Therapeutic molecule Mode of action Stage Disease (examples) References
ASO Gene silencing Approved ALS, hATTR, FH [3]
SSO Splice switching Approved DMD, SMA [3]
siRNA Gene silencing Approved hATTR, FH, PH1, AHP [3]
Aptamer Protein binding Approved AMD, GA [3]
miRNA inhibitors Gene upregulation Clinical trials Cancer, DM1 [18]
miRNA mimics Gene silencing Clinical trials Cancer [18]
mRNA Protein expression Clinical trials OTCD, PA [2,19]
saRNA Gene upregulation Clinical trials Cancer [20]
Suppressor tRNA Stop codon readthrough Preclinical CF [21]
CRISPR-based® Gene editing Preclinical PKU, ASA, hATTR, HAE [22-25]

Clinical trials

Abbreviations: AHP, acute hepatic porphyria; ALS, amyotrophic lateral sclerosis; AMD, age-related macular degeneration; ASLD, argininosuccinate lyase
deficiency; ASO, antisense oligonucleotide; CF, cystic fibrosis; DMD, Duchenne muscular dystrophy; DM1, myotonic dystrophy 1; FH, familial
hypercholesterolemia; GA, geographic atrophy; HAE, hereditary angioedema: hATTR, hereditary amyloidosis transthyretin related; miRNA, microRNA;
OTCD, ornithine transcarbamylase deficiency; PA, propionic acidemia; PH1, primary hyperoxaluria type 1; PKU, phenylketonuria; saRNA, small activating
RNA; siRNA, small interfering RNA; SMA, spinal muscular atrophy; SSO, splice switching oligonucleotide.

#*With nuclease/base editors delivered as mRNA.

2 | ASOTHERAPY

There are two types of therapeutic ASOs in the market,
gapmer ASOs, with a central gap of DNA nucleotides and
a phosphorothioate backbone flanked with modified
nucleotides on both sides, that result in gene knockdown
via RNAse-H1 recruitment, and fully modified ASO that
use a non RNAse H1-dependent mechanism for sterically
blocking access of RNA binding proteins to pre-
mRNA."”?” This modality is usually focused in blocking
splice factors or components of the spliceosome, resulting
in an alteration in the splicing outcome.”® Approved
RNAse-H1 recruiting ASO targeting hepatocytes include
eplontersen and inotersen for treatment of transthyretin
amyloidosis, volanosersen for familiar chylomicronemia
syndrome, and mipomersen for familiar hypercholester-
olemia.’> Splice-switching antisense oligonucleotides
(SSO) have been approved to promote exon inclusion in
the central nervous system (nusinersen, spinal muscular
atrophy treatment) and for exon skipping, targeting mus-
cle (eteplirsen, golodrisen, viltolarsen, and casimersen for
duchenne muscular dystrophy).’

There are several more therapeutic uses of SSO, that
is, preventing aberrant cryptic splice site usage, modify-
ing alternative splicing or preventing pseudoexon inclu-
sion.”” Some of these approaches have been tested for
UCD, as described below.

SSO-mediated blocking of a cryptic splice site has
been tested for the OTC gene variant c.386G >A
(p-R129H), identified in patients with OTCD, and also
present in the spf/fash mouse model. This mutation,

located in the last nucleotide of exon 4, affects the 5’
splice site and was shown to impair splicing in the mouse
liver, resulting in the partial use of a cryptic splice site
48 bp downstream exon 4.°° SSO targeting this cryptic
splice site was tested using minigenes, resulting in intron
4 retention, instead of redirecting splicing to the natural
5" splice site.*! However, in OTC patients, as well as in
minigenes with the human sequences, the variant
resulted both in exon 4 skipping and in the use of a dif-
ferent cryptic splice site, at intronic position c.386 + 4.
This sequence is included in the 5’ splice site making the
SSO approach unfeasible.”’ This example highlights
the relevance of the genomic context in the splicing out-
come and the challenges in using mouse models for the
development of RNA therapies targeting intronic
sequences. Nonetheless, SSO may remain a therapeutic
modality to be tested for other cryptic splice site activat-
ing variants, as has been successfully tested in vitro in
different inherited metabolic diseases (IMD).****
Aberrant splicing may also be caused by deep intronic
mutations that activate what are known as pseudoexons,
given their resemblance to true exons, with potential 3’
and 5' splice sites.*>> Pseudoexons are not normally spliced
into mRNA, probably due to the presence of splicing
silencers, or to formation of inhibiting RNA structures.*®
Pseudoexon activation results from a point mutation that
activates or creates 3’ or 5 splicing sites or affects splice
regulatory elements. The aberrant pseudoexon inclusion
generally results in a transcript with premature termina-
tion codons which is degraded by the nonsense-mediated
decay mechanism.”” Pseudoexon-activating mutations
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RNA therapies in development for urea cycle defects. AACD, adolescent and adult citrin deficiency; ARG1, arginase; ASA,

argininosuccinic aciduria; ASL, argininosuccinate lyase; ASS1, argininosuccinate synthetase; CPS1, carbamoylphosphate synthetase I;
CTLNT1, citrullinemia type 1; HMT, hybrid mRNA Technology; LNP, lipid nanoparticles; NAGS, N-acetyl glutamate synthase; ORNTI,
ornithine translocase; OTC, ornithine transcarbamylase; OTCD, ornithine transcarbamylase deficiency; SSO, splice switching antisense
oligonucleotides. All therapies are in preclinical or clinical stage for UCD and/or other disorders, as specified in Table 1.

have been identified in many genetic diseases, including
IMD,*****® especially as transcriptome analysis is being
increasingly included in the genetic diagnosis workflow.**™*!

Several deep intronic variants resulting in aberrant
pseudoexon inclusion were also identified in patients with
OTCD.*** Pseudoexons are excellent candidates for SSO
therapy, promoting their exclusion from mature mRNA,
as natural splice sites of the surrounding exons are intact.
Blocking with SSO the splice sites or enhancer elements in
the pseudoexon restores normal splicing, as has been dem-
onstrated in many preclinical studies for different gene
defects.**>** As an alternative, a recent study reported
the successful ex vivo gene editing of hepatocytes from an
OTCD patient carrying a pseudoexon activating variant,
using dual gRNAs with CRISPR/Cas9 to delete the intro-
nic sequence with the activated splice site. In this case, the

CRISPR components (pairs of gRNAs and the nuclease)
were nucleofected as a ribonucleoprotein complex and the
strategy effectively corrected the urea cycle defect.*®

3 | mRNA THERAPY

The success of the mRNA vaccines against SARS-CoV-2
has spurred a rapid growth in the field, with over
400 mRNA-related products currently in development
and a sharp increase in investment.*” Among these, there
are more than 30 mRNA-based products approved or in
late-phase clinical trials, covering a wide range of appli-
cations, including: (i) replacement therapy, where mRNA
is introduced to provide a functional protein in cases
of deficiency or to deliver therapeutic proteins;
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(ii) vaccination, where mRNA encoding specific antigens
is used to generate an immune response for protection;
and (iii) cell therapy, where cells are transfected with
mRNA ex vivo to modify their phenotype or function
before being administered to the patient.*®*’

Progress in mRNA modifications, synthesis, purifica-
tion, and cellular delivery has paved the way for the
development of these applications. In recent years,
mRNA therapies encapsulated in LNPs have emerged as
promising treatments for various UCD. The non-viral
vector-mediated delivery of mRNA prevents the risk of
systemic toxicity elicited by the viral vector and of geno-
toxicity, as mRNA therapy is transient in nature and has
no genome-integrating properties. Moreover, the syn-
thetic nature of mRNA production simplifies and lowers
the cost of GMP-complied manufacturing compared to
other genetic medicines.

The LNP-formulated mRNA approach has been suc-
cessfully explored for citrullinemia type 1 (CTLN1)
caused by argininosuccinate synthetase 1 (ASS1) defi-
ciency, adolescent and adult citrin deficiency (AACD,
previously named citrullinemia type 2 or CTLN2), argi-
ninosuccinic aciduria (ASA) caused by argininosucci-
nate lyase (ASL) deficiency, arginase deficiency caused
by ARG1 deficiency and OTCD, as described below
(Figure 1).

Recent studies employed LNP-encapsulated mRNA to
treat AACD and ASA.*°>? In the AACD study, intrave-
nous administration of codon-optimized hCitrin mRNA
successfully induced expression of the citrin protein in
the liver of a mouse model of citrin deficiency, resulting
in a significant reduction in hepatic citrulline and blood
ammonia levels after an oral sucrose challenge and
sucrose aversion (key indicators of hCitrin deficiency).*
Similarly for ASA, the authors used targeted metabolo-
mics and imaging techniques (in vivo positron emission
tomography) to demonstrate that ASL mRNA therapy
restored ureagenesis and corrected glutathione metabo-
lism in ASL-deficient mice, suggesting that glutathione
biosynthesis in the liver is regulated by nitric oxide avail-
ability.>® In line with these findings, the study by Daly
et al. explored the use of nucleoside-modified mRNA
delivered via LNP to treat ASA. The optimized
mRNA demonstrated robust in vitro and in vivo expres-
sion of ASL protein with minimal immunogenic response
and improved the survival in a mouse model of ASA, fur-
ther suggesting that LNP-formulated mRNA could be a
promising alternative to current therapies.”'

Similar studies employed LNP-mediated mRNA deliv-
ery to address arginase deficiency.'*** In the first study,
the authors demonstrated that codon-optimized ARGI
mRNA encapsulated in LNPs led to 100% survival of
arginase-deficient mice, restoring urea cycle activity and
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maintaining normal liver function without signs of hepa-
totoxicity."* In the second study, the authors found that
intermittent administration of LNPs carrying ARGI
mRNA significantly improved myelination in the central
nervous system and managed ammonia and arginine
levels in arginase-deficient mice.>

The precision-cut liver sections (PCLS) model, used
by Perocheau et al.,>* provides an innovative alternative
to traditional in vitro and in vivo models. This technique
maintains the liver's three-dimensional architecture and
cellular environment, offering a more accurate simula-
tion of human metabolic conditions. Compared to orga-
noids, 3D models used extensively for different diseases,
PCLS model offers several advantages. First, PCLS is
more cost-effective and less labor-intensive, making it
suitable for high-throughput therapeutic screening. Addi-
tionally, PCLS preserves the 3D tissue architecture and
allows for multiple samples from a single organ, signifi-
cantly reducing the number of animals needed for experi-
ments. In this work, they demonstrated that mRNA
therapy, delivered via LNPs, could correct metabolic
defects in liver sections affected by CTLN1 and ASA,
highlighting the potential of PCLS for preclinical assess-
ment of new therapies.>

Another noteworthy approach is the Hybrid mRNA
Technology (HMT) described by Prieve et al.,'® which
combines LNPs and polymer micelles to deliver OTC
mRNA for treating OTCD. This dual-nanoparticle system
effectively protected the mRNA in the bloodstream and
targeted liver cells, normalizing blood ammonia and oro-
tic acid levels in OTCD mouse models and demonstrating
prolonged survival benefits with minimal off-target
effects.'®

Two additional studies have further advanced mRNA
therapies for OTCD by using LNP-formulated human
OTC mRNA.">* Yamazaki et al.'"> demonstrated that
intravenously delivered hOTC mRNA successfully pro-
duced functional proteins in the liver, restored the urea
cycle, and notably improved survival in OTCD model
mice. Their results confirmed dose-dependent efficacy
and safety, suggesting that this approach could be a
promising alternative to existing OTCD therapies."”
Meanwhile, Yu et al. focused on refining diagnostic tech-
niques, showing that plasma OTC activity could effec-
tively serve as a surrogate marker for liver activity, thus
potentially reducing the need for invasive liver biopsies.
Their study provided a strong foundation for further clin-
ical testing, highlighting the safety and efficacy of their
proprietary LUNAR-OTC in restoring OTC function.”

Based on preclinical studies, mRNA-based therapy for
OTCD, known as ARCT-810, has undergone Phase Ia
and Ib trials (NCT04416126 and NCT04442347, respec-
tively) demonstrating a promising safety profile.
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Sponsored by Arcturus Therapeutics, this therapy is
advancing to a Phase II clinical trial for adolescent and
adult patients with OTCD (NCT05526066), which is cur-
rently active, not recruiting (last updated 07/2024,
clinicaltrials.gov).

4 | GENE EDITING

Beyond ASO and mRNA therapies, that require lifelong
repeated administration, gene editing therapies directed
toward the liver have the potential to enable DNA modi-
fications that allow for permanent correction of disease-
causing variants in UCD after a single dose. To date, most
of the studies have used adeno-associated viral (AAV)
vectors as delivery agents. In OTCD, which is frequently
treated by orthotopic liver transplantation, an ex vivo
approach was studied, using primary hepatocytes isolated
from an OTC-deficient patient.*> These were electropo-
rated with CRISPR components and the edited cells were
transplanted in a liver-humanized model of OTCD,
resulting in the restoration of urea cycle, normal liver
OTC activity, and a significant phenotypic correction of
the disease symptoms, as compared with mice trans-
planted with unedited hepatocytes.*’

Several in vivo gene editing studies have been under-
taken for OTCD using the well-known Spf*" mouse
model.*® Given the size constraints of AAV vectors, dual-
AAV strategies have been used. Intravenous infusion of
one AAV expressing Cas9 and another expressing a guide
RNA and a wild-type donor DNA into newborn Spf**"
mice resulted in reversion of the OTC mutation in 10% of
hepatocytes and increased survival.”® However, in adult
Spf*™ mice gene correction was lower and OTC gene
expression was disrupted, leading to lethal hyperammo-
nemia, probably due to different outcomes of the DNA
repair mechanisms after Cas9-mediated double-stranded
breaks.®

A mutation-independent approach based on CRISPR-
mediated integration of a functional gene, potentially
applicable to all patients irrespective of their mutation,
has been tested for different UCDs, both in vitro®”>® and
in vivo.>® There is an ongoing gene editing clinical trial
for treatment of OTCD, based on the administration of
two AAV vectors, carrying a nuclease targeting the well-
characterized PCSK9 gene locus serving as insertion site
and a functional OTC gene, respectively (NCT06255782).

In addition to these advancements using viral vectors,
gene editing using LNP-mediated delivery of mRNA
encoding CRISPR tools and a targeting gRNA is gaining
importance in the therapeutics landscape for liver dis-
eases.”” This approach has been tested for ASA, using
mRNA encoding an adenine base editor to correct the

Finnish founder ASL variant c.1153C >T in human-
induced pluripotent stem cells (hiPSCs).>* The authors
show that in hiPSC-derived hepatocyte-like cells, the dis-
rupted urea cycle was effectively rescued. Currently, two
clinical trials are ongoing, based on LNP-Cas9 mRNA
delivery to liver, for transthyretin amyloidosis and hered-
itary angioedema.>>**

5 | SUMMARY AND FUTURE
PERSPECTIVES

In summary, there is a wealth of preclinical and clinical
studies that collectively demonstrate the transformative
potential of RNA therapies for treating metabolic disorders
of the liver, and specifically, for UCD. The advancements
in delivery, therapeutic efficacy, and proposed strategies
for developing RNA platforms for each modality and tar-
get tissue, offer promising avenues for developing effective
treatments reaching the clinic.®> Effective in vivo viral and
non-viral delivery systems targeting the liver have been
developed, although there is still room for improvement.
The integration of novel methodologies such as PCLS and
HMT further enriches the landscape of RNA therapeutics
development. To date, encapsulation in LNPs is a predom-
inant choice, owing to their titratability and ease of
manufacturing. However, in terms of delivery, the issue of
the urea cycle liver zonation should be specifically
addressed, as this will determine the method of choice
regarding efficacy, specificity, and safety. Besides, the field
of LNP-mRNA therapies is still relatively young, with lim-
ited information regarding long-term safety. However,
LNP optimization for improved efficacy and safety is an
area of active research.’ To date, different companies
have multiple LNP-mRNA drug candidates for non-
immunogenic applications in their pipelines.®"** Thus,
with more LNP-mRNA non immunogenic drug candidates
entering the clinic, it can be envisaged that existing gaps
in the knowledge of the clinical applicability of this
approach may be closed in the near future.

Another important issue is the identification and
selection of relevant biomarkers and/or surrogate
markers that accurately reflect meaningful clinical end-
points for each UCD, which should be prioritized in
future research. Current preclinical and clinical data on
mRNA therapy for UCD suggest a future full of many
possibilities, probably starting with OTCD, as it is already
in the clinical trials phase and is the most common
among UCD. Other UCD with established biomarkers
may also be good candidates once the therapeutic LNP-
mRNA platform is optimized.

Other highly active fields of genetic therapy research,
such as gene editing, are also showing great potential.
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This technology has been explored for different liver
diseases, including OTCD,’*®® using viral vectors or
mRNA-mediated. In the context of gene therapy, positive
preclinical and clinical data in UCD have aroused new
excitement and currently, there are several clinical trials
for OTCD ongoing.>*°

In the next few years, we anticipate substantial
growth of liver-targeting RNA therapies in the clinic,
given the robust productivity of hepatic delivery agents
currently available. The balance between benefits and
challenges, safety and effectiveness of each therapeutic
approach will most probably be clarified, setting the
future directions for the development and clinical trans-
lation of innovative genetic therapies (DNA or RNA-
based) for UCD.
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