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Abstract

Introduction Mood disorders are severe yet frequent psychiatric disorders worldwide,
comprising major depressive disorder (MDD) and bipolar disorders (BD). Their treatment
remains poorly effective. For the past decades, various pathophysiological processes have
been explored and growing evidence for epigenetic mechanisms has emerged. Consequently,
a great interest in a novel pharmacological class for the treatment of mood disorders arose:

RNA therapeutics.

Areas covered We conducted a systematic review of RNA therapeutics — antisense
oligonucleotides (ASOs), small interfering RNAs (siRNAs), short hairpin RNAs (shRNAs)
and micro-RNA (miRNA) therapeutics — for the treatment of mood disorders studied in pre-
clinical animal models listed in PubMED, in clinical trials registered in ClinicalTrials.gov and
available on the market by combining literature search and Food and Drug Administration
(FDA) and European Medicine Agency (EMA) online databases. Eighteen pre-clinical studies
investigated the antidepressant effects of RNA therapeutics. However, even though there is an
increasing number of marketing authorizations and clinical trials for the past twenty years, no
RNA therapeutic reached the clinical development pipeline for the treatment of psychiatric

disorders yet.

Expert opinion Several promising RNA therapeutics have been tested in pre-clinical studies
for depressive disorders, whereas no molecule has been developed for BD. There are several
issues to address before reaching clinical development and new challenges include stratifying

patient population and predicting therapeutic response.

Keywords: depression , antisense oligonucleotide , small interfering RNA , animal model ,

epigenetic



Article Highlights

e Up to 30% of patients suffering from mood disorders are resistant to conventional
treatments

e RNA-based drugs acting on epigenetic events, called RNA therapeutics, are on the rise

e A systematic review of preclinical studies assessing RNA therapeutics on depression-
like behaviour of animal models revealed several promising molecules: five ASOs, six
shRNAs, eight siRNAs, one miRNA mimic and one anti-miRNA

e One promising delivery strategy using small molecules binding to specific
neurotransmitter transporters and conjugated to RNA therapeutics ensures selective
delivery to the targeted neurons after intranasal administration

e While phase I, II and III studies evaluate several RNA therapeutics for the treatment
of various neurological disorders, no clinical trial tested RNA therapeutics for the
treatment of mood disorder

e Several issues regarding efficacy, toxicity, safety and economic matters must be
addressed before RNA therapeutics can reach clinical development for the treatment

of mood disorders



1. Introduction

Mood disorders, comprised of major depressive disorder (MDD) and bipolar disorders
(BD), are frequent psychiatric disorders with a lifetime prevalence of 16.9% in the general
population (1). They are characterized by frequent variations of mood, energy and behaviour,
associated with sleep and appetite disturbance. These are severe disorders with frequent
psychiatric and addictive comorbidities, poor quality of life and poor global health associated
with premature death. Indeed, they are the main cause of suicide behaviour and suicide death
(2). The severity of mood disorders is unfortunately aggravated by poor treatment efficacy.
The main classes of drugs used in both inpatient and outpatient settings for mood disorders
are antidepressants, lithium, anticonvulsants and antipsychotics. Antidepressants, the main
pharmacological treatment of depression, are ineffective in more than 30% of patients (3).
Similarly, lithium, the main pharmacological treatment of BD, could be ineffective in up to
30% of patients (4). Several classes of antidepressants exist, including selective serotonin
reuptake inhibitors (SSRI), serotonin and norepinephrine reuptake inhibitors (SNRI), tricyclic
antidepressants and monoamine oxidase inhibitors. Side effects are variable according to the
different classes, with usually fewer side effects for SSRIs and SNRIs than other
antidepressants. Moreover, in mood disorders, medication adherence is an issue for 20% to
60% of patients (5).

Furthermore, there is a significant delay in the onset of treatment action. Antidepressants
are generally considered to have very few clinical effects within the first two weeks of
treatment and 6 weeks are required for the treatment to be fully efficient (6).

Consequently, a new therapeutic perspective is warranted. The first psychotropic
medications, most of which are still in use, were discovered by serendipity after the second
world war, such as chlorpromazine, the first antipsychotic described by Delay and Denicker

in Paris (7). Subsequently, their pharmacological mechanisms have been partially elucidated,



antidepressants and antipsychotics act on monoaminergic systems (7,8), while the
mechanisms of action of lithium remain largely unclear (9). Most of antidepressants are
inhibitors of mono-amine recapture (mainly serotonin and noradrenalin) while antipsychotics
are dopamine receptor antagonists (mainly of the D2 subtype). To this date, all main
pharmacological treatments available have been developed from these early compounds and
their purported mechanism of action.

In parallel, the pathophysiology of mood disorders has been progressively and more
precisely described. Monoaminergic neurotransmission, including serotoninergic and
dopaminergic systems, are the main targets of the large majority of antidepressants and
antipsychotics, and have been largely studied (7,8). Additionally, several other
pathophysiological hypotheses emerged over the years, notably on the implication of brain-
derived neurotrophic factor (BDNF), hippocampal neurogenesis, neuroendocrine systems
including pituitary-thyroid and corticotropic. axes, neuroinflammation, glutamatergic
neurotransmission and synaptic plasticity, among others, all possibly related and influenced
by external factors such as stress (10,11). Diverse brain regions may be involved in the
development of depressive symptoms, such as the hippocampus, prefrontal cortex, nucleus
accumbens (NAc), ventral tegmental area (VTA), locus coeruleus (LC), basolateral amygdala
(BLA) and dorsal raphe nucleus (DR) (11).

Interestingly, epigenetic deregulation is one of the major biological processes associated
with. mood disorders. Mood disorders are associated with both genetic and environmental
factors, and epigenetic mechanisms are probably involved in the gene-environment
interaction underlying mood disorders’ pathophysiology. They are modifications that cause
heritable changes in gene expression without modifying the DNA sequence, encompassing
covalent changes to DNA, such as DNA methylation, and post-translational modifications of

histone N-terminal tails, as well as non-transcriptional gene-silencing mechanisms, including



micro-RNAs (miRNAs). These modifications were described in mood disorders in a large
amount of work (12—14), leading to a new therapeutic interest in RNA therapeutics.

In this paper, we conducted a systematic review of RNA therapeutics for the treatment of
mood disorders studied in pre-clinical animal models, in clinical trials and available on the

market.

2. What are RNA-based therapeutic compounds?
RNA therapeutics are RNA-based drugs acting on epigenetic events. The different types of

RNA therapeutics currently in development are described in the following sections (Figure 1).

2.1. Antisense oligonucleotides

The majority of RNA therapeutics used in the clinic are antisense oligonucleotides (ASOs)
(15). They are single-stranded synthetic RNA or DNA sequences, highly modified, that bind
their target mRNA or pre-mRNA by complementary Watson-Crick base pairing, resulting in
different splicing events, protein translation inhibition, or transcript degradation (Figure 1.1)
(16). For example, nusinersen is an 18-mer phosphorothioate 20-O-methoxyethoxy antisense
oligonucleotide with all cytidines methyl-modified at the 5-position that binds to a regulatory
sequence in intron 7 of the SMN2 pre-mRNA, leading to the production of the functional
SMN protein (17). To that extent, it was approved in the United States (US) and the European

Union (EU) in 2017 for the treatment of spinal muscular atrophy (SMA).

2.2. Short interfering RNAs
Short interfering RNAs (siRNAs) are another category of RNA therapeutics on the rise.
They are small double-stranded RNA sequences that trigger the RNA interference (RNA1)

pathway. One strand of the siRNA duplex binds to an Argonaute 2 (Ago2) protein and is



loaded into the ribonucleoprotein complex RISC (RNA-induced silencing complex). Within
the RISC, the siRNA binds to the target mRNA by perfect complementarity with a high

selectivity, which leads to the degradation of the transcript (Figure 1.2) (18).

2.3. Short hairpin RNAs (shRNAs)

Short hairpin RNAs (shRNAs) are DNA plasmids that enter cell nuclei, where they are
transcribed in RNA with a characteristic stem-loop structure that enters:the endogenous
miRNA biogenesis pathway. As they can encode two or more siRNAs or miRNAs, shRNAs
allow a multiplex approach to treatment that could reduce the risk encountered by RNAi

molecules to compete with endogenous miRNAs and saturate RISC machinery (Figure 1.3)

(19,20).

2.4. Micro-RNA (miRNA) therapeutics

MiRNAs are endogenous single-stranded short RNA sequences that bind to an Ago protein
forming the RISC, and binding to target transcripts with imperfect complementarity, leading
to translational repression or transcript destabilization and degradation (21,22). They are
involved in many various biological processes, and as miRNAs can bind to a multitude of
RNA targets, miRNA therapeutics are powerful tools that can regulate entire gene networks
underlying polygenic, complex disorders (23). MiRNA therapeutics can be divided into two
categories: molecules enhancing miRNA expression, and molecules inhibiting miRNA

expression and/or function.

2.4.1 MiRNA replacement therapeutics



MiRNA mimics are synthetic double-stranded RNA molecules matching the corresponding
endogenous miRNA sequence to restore its altered expression in specific disorders (Figure
1.4) (24).

Other replacement tools are shRNA plasmids coding for specific miRNAs. As their
production respect endogenous cell processing rate, they minimize the potential toxicity

caused by miRNA mimics (25).

2.4.2 Anti-miRNAs

MiRNA inhibitors or anti-miRNAs (anti-miRs) are designed to suppress the function of a
specific miRNA involved in disease development (Figure 1.5). They are of two types:
antagomiRs and miRNA sponges.

AntagomiRs are single-stranded, highly modified synthetic ASOs that bind with high
affinity to target mature miRNAs, resulting in their sequestration and inhibiting their function
(26).

MiRNA sponges or decoys are short, synthetic RNA constructs containing high-affinity
miRNA binding sites to which the miRNA will preferably bind, competing with the
endogenous miRNA target transcripts. Thus, this strategy notably allows reducing the activity

of a specific set of miRNAs (27).

2.5. RNA aptamers
RNA aptamers are short, single-stranded RNA sequences folded into stable 3D
conformations, that bind to proteins with high specificity and affinity, inhibiting their function

(Figure 1.6) (28,29).

3. RNA therapeutics in pre-clinical development for the treatment of mood disorders



This review aimed to identify all the published articles that have studied the effect of RNA
therapeutic administration in animals using validated behavioural tests for mood disorders.
The article selection process was adapted from the PRISMA statement — Preferred Reporting
Items for Systematic Reviews and Meta-analyses (30). Search terms were “mood disorder”
and “RNA therapeutic”. A systematic electronic literature search using the database PubMed
was conducted, last updated on 2 April 2021. The search was not limited by date restrictions
but excluded unpublished literature in Pubmed. In addition, we used the articles reviewed to
search for other relevant publications. Two reviewers (M.L.M. and R.B.) performed the total
search independently and included the articles based on eligibility criteria. Studies were
included when: 1. An animal model was used (Table 1); 2. At least one RNA therapeutic was
administered to animals; 3. Mood disorder symptoms were assessed with validated
behavioural tests; 4. The administered RNA  therapeutic had a significant effect on
behavioural tests exploring mood changes in animals. Articles were excluded when they
were: 1. Reviews, editorial and comments; 2. Retracted. Only animal studies using
behavioural tests (Table 1) were selected, as mood disorders are complex and multifactorial
pathologies that cannot be modelled in cells. Figure 2 is an overview of the study search and
selection process. The primary search of the electronic databases yielded 414 results, without
any duplicates. Exclusion based on title, abstract and eligibility criteria narrowed the articles
down to the seventeen included in this review. The discrepancies from the title and abstract
search were discussed and resolved to lead to consensus. One relevant publication (31) was
added based on one of the reviewed articles (32). Figure 3 shows the number of selected pre-
clinical studies for each RNA therapeutic type.

Two assessors (M.L.M. and R.B.) independently extracted the data from the eighteen
included articles. Any disagreements were resolved through discussion. The following

information was extracted from the articles: the animal model used, type of RNA therapeutic



administered, therapeutic target, route of administration, effect on therapeutic target's
expression in the investigated tissues, behavioural tests conducted and results, behavioural
test controls, animal control groups, reversibility of the treatment, toxicity of the molecule,
comparison to reference treatment, and whether the observer in behavioural tests was blinded
or not for treatment (Tables 2 and 3). The quality assessment of each study was based on
those data. The risk of bias in this review was assessed as low using ROBIS (33), a rigorously

developed tool designed specifically to assess the risk of bias in systematic reviews.

The selected studies used various validated rodent models of depression based on the
development of a depressive-like phenotype -characterized by well-established behavioural
tests- after stress exposure, mimicking depressive phenotypes and neuronal changes similar to
those observed in humans (Table 1). They are widely used, including in our hands (34,35),
and have been extensively reviewed elsewhere (36-39). A widely-used model of depressive-
like behaviours in mice is the unpredictable chronic mild stress (UCMS) procedure,
consisting of randomly exposing animals to various transient psychosocial stressors of mild
intensity. Based on another type of stress, social defeat stress (SDS) is performed by putting
animals in physical interaction with a novel aggressor animal for few minutes every day in
chronic SDS (CSDS) or every 3 days in intermittent SDS (ISDS) procedure. A different
procedure is repeated restraint stress (RRS), obtained by individually restraining animals
against back-and-forth movement into well-ventilated conical tubes. Depressive-like
behaviours can also be induced through pharmacological interventions, such as dopamine

depletion or chronic exposure to low dosages of corticosterone (40).

Depressive-like behaviours in rodents can be assessed by well-established tests that



be measured by a reduced preference for sucrose over water in the sucrose preference test
(SPT). Behavioural despair is assessed by greater immobility times in the tail suspension test
(TST) and the forced swim test (FST). To exclude any influence on TST and FST results, the
locomotor activity of the animals must be controlled. Reduced social behaviour is evaluated
in the social interaction test, expressed a reduced time spent in social interaction with other
animals (41), and the U-field test, with a reduced number of interactions with social target
animals (42). Increased latency period to consume palatable food placed in the center of an
open field after 24h of food deprivation is used as an index of anxiety- and depressive-like
behaviours in the novelty-suppressed feeding test (43). Furthermore, as anxiety-like
behaviours are commonly associated with a depressive phenotype, they are frequently
explored in the elevated plus maze (EPM) (37) and open field paradigms and in the light/dark

transition test (44).

3.1. Antisense oligonucleotides (ASOs)

In a study published in 2018, Sanna et al. (45) tested three ASOs directed against neuronal
embryonic lethal abnormal vision (nELAV) proteins HuB, HuC and HuD. These are neuron-
specific RNA binding proteins, which are key regulators of mRNA trafficking and
metabolism and thus post-transcriptional gene expression. They play an important role in
neuronal development and survival and have been found dysregulated in several neurological
disorders.

They administered the ASOs by intracerebroventricular (i.c.v) injections and demonstrated
the sequence-specific knockdown of the HuB, HuC and HuD in hippocampus whole cell
lysate. Anti-HuB and anti-HuC ASOs had antidepressant-like effects comparable to that

induced by amitriptyline, used as a reference drug, but did not show any anxiolytic effect on



UCMS-exposed mice. Conversely, anti-HuD ASO did not show any antidepressant-like effect

but had anxiolytic effects on UCMS-exposed mice.

In a study published in 2008, Galeotti et al. (46) explored the role of three different
isoforms of inositol 1,2,5-triphosphate receptor (InsP3R) expressed in the brain, InsP3R1,
InsP3R2 and InsP3R3, in depressive-like behaviours assessed in the FST. InsP3Rs allow
intracellular Ca*" release. Since Ca”" levels were found elevated in patients with affective
disorders, InsPRs may contribute to the pathophysiology of mood disorders.

They administered to mice, by i.c.v injections, ASOs inhibiting the expression of InsP3R1,
InsP3R2 and InsP3R3 and observed the silencing of their respective target in the cerebellum,
hippocampus and cortex. Anti-InsP3R1, anti-InsP3R2 and anti-InsP3R3  showed
antidepressant-like effects in a dose-dependent manner and with a maximum effect
comparable to that induced by amitriptyline and clomipramine in the FST. The
antidepressant-like effects of the three ASOs were reversible, as they started to decrease from
the 36™ hour after the end of the treatment and completely disappeared after 7 days, excluding
any irreversible toxicity on cerebral structures. However, higher doses of the anti-InsPR

ASOs induced signs of cerebral toxicity or death.

3.2. Small interfering RNAs (siRNAs)

In 2016, Ferrés-Coy et al. (31) tested the antidepressant effect of a siRNA directed against
the serotonin transporter (SERT) after intranasal (i.n.) administration in mice. The siRNA (C-
SERT-siRNA) was chemically conjugated with the SSRI sertraline, which binds to SERT
with high specificity and high affinity, to selectively downregulate SERT expression in the

serotoninergic (5-HT) neurons, where SERT is differentially expressed. Given the structural



complexity of the compound (47), the specific role of the conjugated sertraline in the
molecule’s activity should be further explored.

After intranasal administration, the sertraline-conjugated siRNA was internalized into 5-
HT neurons by endocytosis probably through SERT in the midbrain, more efficiently in the
DR than in the median raphe nucleus (MnR). The molecule was absent from cells in olfactory
bulbs and the dorsal hippocampus, supporting its SERT-modulated accumulation in the
neurons.

The authors confirmed molecular inhibition of SERT in DR after intranasal administration
of 30 ug/day for 1, 4, or 7 days in mice, with a maximal effect after 7-day treatment. The
effect was not dose-dependent after the i.n. administration of 10, 30 or 100 pug/day for 7 days.
Moreover, i.n. administration of 30 ug/day of C-SERT-siRNA for 7 days doubled
extracellular 5-HT concentrations in the caudate putamen and reduced serotoninergic 5-HTa-
autoreceptor expression and function in the DR more rapidely and efficiently than fluoxetine
administered intraperitoneally (i.p.).

After i.n. administration of 30 pg/day of C-SERT-siRNA for 7 days, recovery of SERT
expression to control values were obtained 7 and 15 days after the last administration,
showing the reversibility of the C-SERT-siRNA effect. To evaluate the molecule’s safety,
neuronal degeneration, astrogliosis and immune responses were explored through
immunostaining; there was no effect on these parameters.

They next tested the treatment on a model of depression: mice were exposed to low oral
dosages of corticosterone for 28 or 49 days and developed depressive-like behaviours that
were reversed by the i.n. administration of 30 pg/day of C-SERT-siRNA for 7 days, similar to
treatment by fluoxetine administered i.p. for 28 days. Fluoxetine did not show any

antidepressant-like effect when administered for 7 days.



Furthermore, they showed that 7-day treatment with C-SERT-siRNA and 28-day
treatment, but not 7-day treatment with fluoxetine, promotes proliferation and maturation of
cellular precursors, dendritic complexity and expression of neuroplasticity-associated genes in
the hippocampus. These modifications are well known to be associated with clinical

antidepressant action.

Bortolozzi and colleagues (47), from the same research team, had already used a similar
strategy in a study published in 2012. They developed a siRNA" directed against the
serotoninergic 5-HT;5 receptor (C-1A-siRNA) in order to suppress negative feedback
mechanisms mediated by 5-HT;s-autoreceptors responsible for an increased depression
susceptibility and a reduced response to antidepressant treatment. Similarly, the siRNA was
conjugated to sertraline by covalent bound to concentrate the molecule selectively in 5-HT
neurons.

Both i.c.v infusion into the dorsal third ventricle (D3V) and i.n. administration of 30 pug of
C-1A-siRNA in mice led to a significant decrease in 5-HT 4R levels into dorsal and median
raphe nuclei but did not alter post-synaptic 5-HT sR density or other genes expressed by 5-
HT neurons, showing a selective effect on pre-synaptic 5-HT;aR. Furthermore, C-1A siRNA
administration enhanced the effect of i.p. injection of fluoxetine on extracellular 5-HT
concentrations in the medial prefrontal cortex.

I.c.v infusion of C-1A-siRNA into D3V of mice did not upregulate inflammatory cytokines
nor apoptotic genes, excluding any off-target or toxic side effects of the drug on these
parameters.

Both i.c.v infusion of 30 pg of C-1A-siRNA into D3V and i.n. administration of 30 pg or

100 pg of C-1A-siRNA induced antidepressant-like effects on mice behaviour in the FST and



TST, comparable to those observed with i.p. injection of fluoxetine, with a dose-effect
relation. The EPM test did not show any effect on anxiety-like behaviour.

This study was the first to use the conjugation of a siRNA to sertraline in order to target a
specific neuronal population in the brain. Bortolozzi et al. developed a siRNA targeting
selectively, safely and with a high efficiency 5-HT s-autoreceptors, leading to antidepressant-
like effects. Furthermore, the i.n. administration provides ease ofusein human. It was
therefore the first study to show the feasibility of using RNAI strategies for the treatment of

mood disorders.

In a study published in 2015, Choi et al. (48) explored molecular mechanisms associated
with the thyrotropin-releasing hormone (TRH) system underlying stress-induced depression.
They found that RRS in mice persistently increased TRH and TRH receptor-1 (TRHR1) in the
BLA, specifically in mice developing severe depressive-like behaviours, compared to resilient
and control mice. They injected either TRH peptide or taltirelin -a TRH receptor agonist-
directly in the BLA of non-stressed mice; both were sufficient to produce depressive-like
behaviours. They next explored the signalling downstream of TRH receptor activation and
identified p-ERK1/2 as a probable important mediator of the TRH receptor activation in the
BLA involved in the stress-induced development of depressive-like behaviours.

Thus, they separately infused two siRNA targeted against TRH (siRNA-7rh) and TRHR1
(siRNA-Trhrl) bilaterally in the BLA of stressed mice. 48h after the administration, the
stress-induced increase in the expression of the corresponding transcript and their downstream
partners previously observed was suppressed and depressive-like behaviours were reversed.
The effects of siRNA-77h and siRNA-Trhrl administration disappeared 14 days after the

administration, confirming their reversibility.



In 2015, Kim et al. (49) investigated the underlying mechanisms involved in the treatment
of depression by physical exercise. Mice were subjected to RRS and developed depressive-
like behaviours; concomitantly levels of hypocretin/orexin (Hcrt/Orx), melanin-concentrating
hormone (MCH) and phospho-CaMKIlow were increased in the amygdala, notably in BLA
neurons. Mice were then forced to exercise on a running wheel for 60 minutes daily for 21
consecutive days, which reversed depressive-like behaviours and decreased expression of
Hert/Orx and MCH in the amygdala, in a similar manner that imipramine did. It is important
to note that as SPT results are not expressed in the percentage of the total volume of fluid
intake, their interpretability can be questioned.

They injected either a siRNA targeting Hert/Orx (siHert) or a siRNA targeting MCH
(siMCH) in the BLA of mice previously subjected to RRS, which reduced their respective
molecular target levels in the BLA and reversed the stress-induced depressive-like
behaviours.

Similarly, they injected a siRNA directed against CaMKIlo (siCaMKIIo) in the BLA of
stressed mice, which had the same antidepressant-like effects. Curiously, the silencing of
CaMKlIlow in the BLA by si-CaMKIloe was not verified. Furthermore, the effects of
siCaMKIIow on mice’s locomotor activity were not explored and thus cannot be excluded,

contrary to siHert and siMCH.

In 2011, Kim et al. (50) studied the implication of the anterior cingulate cortex (ACC) in
anxiety disorders and identified neurabin as a potential novel molecular target for anxiolytic
treatment. As their findings with neurabin-siRNA were inconclusive, further studies should be

conducted to explore this novel therapeutic tool.

3.3. Short hairpin RNAs (shRNA)



Several studies tested shRNAs to explore the pathophysiology of depression (42,51-54)
and provided evidence of antidepressant effects (Table 2). However, as they all use invasive
routes of administration and lack reference treatment and control of reversibility (Table 3),

translation from animal to human use of such shRNAs is questionable.

In a study published in 2011, Fanous et al. (55) investigated the consequences of depleting
VTA brain-derived neurotrophic factor (BDNF) on stress-induced behavioural and weight
impairments. They infused bilaterally in VTA an adeno-associated viral vector (AAV)
containing shRNA against BDNF (shRNA-BDNF) to rats and exposed them to CSDS
procedure. The in vivo effect of shRNA on BDNF levels was verified 3 weeks after the
surgery. Reduction in VTA BDNF levels had disappeared 14 weeks after the surgery,
indicating the reversibility of shRNA-BDNF effect on BDNF expression in vivo.

Treatment with shRNA-BDNF attenuated weight deficits accompanying CSDS exposure
and enhanced long-term weight gain -50 days after surgery. It also increased social
behaviours in both non-stressed and stressed rats seven weeks after surgery, suggesting that
shRNA-BDNF infusion in rats’ VTA augmented stress resilience. Further studies must be
conducted to validate that BDNF depletion was the actual main regulator of social behaviour

in this experiment.

3.4. Micro-RNA (miRNA) therapeutics
Five studies explored the therapeutic potential of targeting miRNAs, by either their

overexpression or their inhibition, for the treatment of MDD.

In 2019, Lou et al. (56) published a study exploring the potential role of miR-124 in

depressive-like behaviours and microglial activation. They subjected mice to UCMS protocol



and confirmed the development of a depressive-like phenotype. They found a decreased miR-
124 expression in the hippocampus of UCMS mice and a negative correlation between
hippocampal miR-124 levels and depressive-like behaviours.

They next injected bilaterally a lentivirus expressing miR-124 (miR-124 lentivirus)
directly in the hippocampi of mice and confirmed hippocampal overexpression of miR-124
one week later. Mice that were injected with miR-124 lentivirus and then subjected to UCMS
showed resilience to develop depressive-like behaviours and - prevented the
neuroinflammation observed in the hippocampus of UCMS mice and the LPS-induced
microglial activation in vitro.

Finally, they further explored molecular mechanisms underlying these processes by in
vitro luciferase reporter and transfection assays and found that miR-124 negatively regulates
STATS3, a member of the signal transducer and activator of transcription (STAT) family, by
directly targeting its 3’ untranslated (UTR) region. Moreover, they validated that this

molecular axis was crucial for in vitro LPS-induced microglial activation.

Antidepressant effects of overexpressing miR-124 had already been highlighted by
Higuchi et al. in 2016 (57). Similarly, they exposed mice to UCMS protocol and validated
their depressive-like behaviours, which were all reversed by oral administration of
imipramine during 3 weeks. They then explored the expression of 13 miRNAs known to be
enriched in the brain and to be implicated in neuronal function, synaptic plasticity and/or
psychiatric disorders. They found reduced levels of pri/pre-miR-124 and mature miR-124 in
the hippocampus of UCMS mice. Thus, they injected an AAV expressing pre-miR-124
(AAV-miR-124) into the hippocampus of mice and confirmed its effect on miR-124 levels.
AAV-miR-124 did not affect the behaviour of non-stressed mice, but induced resilience to the

development of depressive-like behaviours in UCMS mice. However, as mice’s locomotor



activity was not explored, results should be interpreted with caution. Conversely,
downregulation of miR-124 through bilateral injection of anti-miR-124 oligonucleotide in the
hippocampus of mice next subjected to RRS enhanced their susceptibility to depression-like
behaviours. Moreover, Higuchi et al. demonstrated that miR-124 downregulation in the
hippocampus contributed to stress-induced changes in dendritic morphology and spine of DG
granule neurons, which was prevented by the bilateral injection of AAV-miR-124 in the
hippocampus. They next identified histone deacetylase 4 and 5 (HDAC4/5) and GSK3[ as
targets of miR-124 and showed their involvement in the development of the depressive-like
phenotype by infusing selective inhibitors of either HDAC4/5 or GSK3B in mice

hippocampus, which had antidepressant-like effects in behavioural tests.

In a first work, Selvamani and Sohrabji showed that a single intravenous (IV) injection of
miR-363-3p 4 hours after occlusion of the middle cerebral artery (MCAo) reduced infarct
volume and improved sensory-motor performances in middle-aged female, but not male rats.
In animal models, MCAo resulted in a late depressive-like phenotype, mimicking the post-
stroke depression observed in human. Thus, in a study published in 2019 (58), Panta et al.
investigated the antidepressant potential of miR-363-3p in middle-aged female rats subjected
to MCAo. They administered miR-363-3p mimic by tail vein injection to MCoA female rats
and excluded any locomotor, motor strength, or cognitive impairments 3 months after the
stroke that could have interfered with behavioural tests. Nevertheless, the effect of miR-363-
3p mimic on miR-363-3p expression was not confirmed and should have been explored by
molecular assays. MiR-363-3p mimic displayed persistent antidepressant-like effects up to
100 days after stroke on behavioural tests, prevented cytokine circulating levels elevation

observed after stroke and normalized BDNF circulating levels 100 days after stroke.



In a study published in 2015, Li ef al. (59) explored the role of miR-182 in depression.
They subjected rats to UCMS and found that stress increased miR-182 and decreased BDNF
levels in a time-dependent manner. They next modulated miR-182 expression in the
hippocampus of rats by injecting bilaterally a lentivirus expressing either miR-182 (LV-miR-
182) or a siRNA directed against miR-182 (LV-si-miR-182). Overexpression of miR-182
after LV-miR-182 injection or downregulation of miR-182 after LV-si-miR-182 injection in
the hippocampus were confirmed by RT-qPCR. They then subjected injected rats to UCMS
protocol and assessed behavioural changes. Hippocampal overexpression of miR-182
enhanced UCMS-induced depressive-like behaviours and decreased levels of BDNF and its
downstream targets CREB1 and pCREBI1. Conversely, LV-si-miR-182 reduced depressive-
like behaviours and increased hippocampal levels of BDNF, CERBI1 and pCERBI. Finally,
they validated direct interaction between miR-182 and BDNF 3’UTR by luciferase reporter
assay and confirmed BDNF, CERB1 and pCERBI expressions regulation by miR-182 in

cultured neuronal cells.

In 2011, Launay et al. (60) directly injected fluoxetine into the raphe of mice for 3 days
and found a decreased endogenous level of miR-16 and an increase in SERT and bcl-2 protein
levels in the hippocampus, with SERT upregulation mainly localized in glutamatergic
neurons. It also enhanced neuronal maturation. All these hippocampal changes were
eliminated by the concomitant hippocampal infusion of miR-16.

They thus injected anti-miR-16 in the hippocampus of mice for 3 days, which produced the
same hippocampal changes as fluoxetine injection into raphe. Moreover, it reduced the time
of immobility of unstressed mice in the FST and alleviated the depressive-like behaviours -
deterioration of coat state and reductions in body weight gain and sucrose preference- induced

by UCMS protocol to the same extent as fluoxetine infusion into raphe. However, it is



important to notice that researchers did not confirm the molecular effect of anti-miR-16 on
miR-16 expression in the hippocampus, and did not assess mice locomotor activity that could
have influenced the FST.

Finally, they demonstrated that fluoxetine treatment provoked S100P release by the raphe,
which partially relayed fluoxetine response in the hippocampus via the locus coeruleus, and
that BDNF, Wnt2 and 15-Deoxy-deltal2,14-prostaglandin J2 (15d-PGJ2) acted all three in

association and synergistically in the hippocampus by decreasing miR-16.

4. RNA therapeutics in clinical trials

We reviewed RNA therapeutics currently in clinical trials using the online database
ClinicalTrials.gov, searching separately for “antisense oligonucleotide”, “siRNA”,
“antagomiR”, “antimiR”, “miRNA mimic” or “shRNA”, with the last update on 25 November
2020. One reviewer (M.L.M.) performed the total search and included the articles based on
eligibility criteria. Studies were included when: 1. At least one RNA therapeutic was
administered; 2. The RNA therapeutic was tested for the treatment of a mood disorder. One
assessor (M.L.M.) extracted the data from all the 210 clinical trials reviewed. The following
information were extracted from the articles: condition(s), administered drug(s) and clinical
phase. No clinical trial evaluating RNA therapeutics for the treatment of mood disorders was
found in the database.

The development of RNA therapeutics is on the rise: at the end of the year 2020, more than
two hundred clinical trials evaluate them for the treatment of various pathologies listed.
Among those trials, 50% are phase I studies, 40% are phase II studies and 10% are phase 111
studies.

However, no RNA therapeutic is currently evaluated in clinical studies for the treatment of

mood disorders or other psychiatric disorders while 12 molecules are tested in 22 clinical



trials for neurologic conditions, of which 59% are phase I, 27% are phase II and 14% are
phase III studies. By intrathecal injection, RNA therapeutics can easily reach the central
nervous system and treat complex multifactorial brain pathologies. Notably, seven ASOs are
tested for Huntington’s disease and progressive supranuclear palsy. Thus, clinical

development of RNA-based drugs for mood disorders is likely to be feasible.

5. Licensed RNA therapeutics

Since the first licensed RNA therapeutic (fomivirsen), approved by Food and Drug
Administration in 1998 and by European Agency for the Evaluation of Medicinal Products in
1999, eleven RNA therapeutics were approved in the US or the EU, and eight of them are
currently marketed (61). Current marketing statutes were checked using the Drugs@FDA and
European Medicine Agency online databases on 11 December 2020. Most target rare, gene-
specific related diseases; only one is used for the treatment of a neurological disorder -spinal
muscular amyotrophy- through intrathecal administration. None is used for mood disorders or

other psychiatric disorders.

6. Conclusion

RNA therapeutics are on the rise: a growing number of RNA therapeutics have obtained
marketing authorization in the US and/or in the EU for the past twenty years and more than
200 clinical trials involve RNA therapeutics. No RNA therapeutic reached the clinical
development pipeline for the treatment of psychiatric disorders yet, but intrathecal injection
enables rapid administration to CNS and several molecules are clinically tested to treat
complex multifactorial neurological pathologies. RNA therapeutics for mood disorders have

thus good chances to reach clinical stages of development.



To this date, however, RNA therapeutics for the treatment of mood disorders are only
assessed in pre-clinical studies. All are using stress-induced animal models of depression; no
RNA-based molecule developed to treat bipolar disorders specifically has been tested in
animals yet. However, due to our restrictive keywords literature research, we may have
missed poorly indexed but interesting papers on pre-clinical development of RNA
therapeutics for mood disorders, as well as relevant clinical trials not registered on

ClinicalTrials.gov database.

7. Expert opinion

This review listed several promising therapeutic RNAs developed in pre-clinical studies
for depressive disorders; no molecule is currently tested for BD. The most promising
molecule is the C-SERT-siRNA (31), which showed antidepressant effects by i.n.
administration with a shorter delay of action than fluoxetine. I.n. administration is a clinically
feasible administration route that presents several assets such as rapid absorption, high
bioavailability, and direct nose-to-brain transport, bypassing the blood-brain barrier.
However, it requires complex formulation strategies, and toxicity due to the molecule and the
excipients can occur -either locally or at a systemic level (62). Interestingly, the same team
recently focused on a miRNA targeting both 5-HT s receptor and SERT. They also developed
a conjugated siRNA against TASK3 potassium channel as a potential antidepressant therapy
(63).

Despite the great possibilities that offer RNA therapeutics by modulating epigenetic events
involved in various complex and polygenic pathologies, their development for the treatment
of mood disorders raises several challenges (Figure 4). The translation from animal models to
clinical efficacy remains a hurdle both for CNS drugs and RNA therapeutics. As proposed by

Morgan (64) the principle of “three Pillars of survival” states that the drug is delivered to the



target site, that the target is occupied at the required level and that functional modulation of
the target is achieved. The fourth cornerstone is to establish that there is a clinically
significant therapeutic effect (65). In this context, it is important to keep in mind that stress-
induced animal models of depression and behavioural tests remain limited and only partially
reproduce the clinical condition, which presents a high heterogeneity of phenotypes (36—39).

First of all, there is no unique target gene involved in the pathophysiology of mood
disorders and it can be difficult to get efficiency and possible considerable off-target effects
can occur in case of poor selectivity for the molecular target. This is even more relevant that
RNA therapeutics, as they act on epigenetic mechanisms, may have complex biological
effects. It is thus very important to control those parameters in pre-clinical studies, while it
may be complicated to detect all off-target effects.

Secondly, the route of administration is another main issue. Pre-clinical studies mainly
inject RNA therapeutics locally in specific brain areas by stereotaxic surgeries on animals, but
this mode of administration can certainly not be used in clinical practice. Intravenous and
intranasal administration can be replicable in humans, but the effects are then global on the
brain, if not systemic. An intrathecal injection is quite invasive, poorly accepted by the
patients, especially in repeated procedures are required. Drug vectorization has undergone
considerable development over the last few years and might be relevant in this case.

Thirdly, access to the “target site” remains a challenge. As they lack secondary or tertiary
structures, small RNA therapeutics are more easily introduced to cells than large RNA
molecules, but they are negatively charged and can have difficulty crossing the cell
membrane. Also, their lifetime in blood circulation is often compromised as they can be
degraded by nucleases and immune cells. Efficient delivery of RNA-based drugs to the
specific targeted tissue can thus be quite difficult. Moreover, they can trigger an immune

response, sometimes resulting in severe adverse effects. Therefore, to ensure efficient uptake



of the drug in the targeted tissue and to reduce toxicity, a variety of selective delivery agents
are in development for RNA therapeutics, such as lipid or polymeric nanoparticles, ligand-
based targeting molecules, viral vectors and bacterial minicells, alongside chemical
modifications designed to increase stability and binding affinity (18). In the brain, the
promising conjugated technology developed by Bortolozzi et al. (47) could be a good strategy
to deliver RNA therapeutics to a specific region and/or cell type after systemic administration.
Similar technology is used by miCure Therapeutics, a biotech company specialized in miRNA
therapeutics and diagnostics for CNS disorders -including MDD- which develops small
molecules binding to a specific neurotransmitter transporter and conjugated to miRNAs to
ensure cell-specific delivery in the brain. Producing good manufacturing procedures for
clinical-grade RNA therapeutics is however far from obvious as it is not a simple and cheap
technology. Complex manufacturing processes, delivery vehicles, potential impurities and
excipients, and potential immunogenicity are among the challenges faced by industry for this
promising technology (66).

Fourthly, significant therapeutic effects of RNA therapeutics solely based on published
results in animal remain unpredictable. They need to be replicated and the use of several
animal models for the same molecule would help to further reach clinical development.

Lastly, toxicology and safety studies are required to evaluate the possible toxicity of the
RNA therapeutic on different tissues and brain cells. Duration of the effect and potential

reversibility must also be demonstrated before trials in human.

On another note, RNA therapeutics also raise economic challenges. In 2018, patisaran was
the first sSiRNA drug put on the market by Alnylam for hereditary transthyretin amyloidosis, a
disease affecting about 50,000 patients worldwide. Its cost was set at $450,000 per patient per

year, which is quite conform to other drugs indicted for rare disorders. This elevated cost was



based on the duration (16 years) and investment ($2.5 billion) required for Research and
Development, according to Alnylam, and included a money-back guarantee for insurers (67).
Comparatively, nusinersen costs $625,000 to $750,000 in the first year, and then
around $375,000 every year after, likely for the rest of a patient's life. As this ASO is

indicated for the treatment of SMA, the market is much larger than for patisaran.

However, despite their elevated production and marketing cost, RNA therapeutics have
largely reached the point of profitability: between 2014 and 2020, the global market of RNA
therapeutics had a compound annual growth rate of 28.4% and is expected to reap $1.2 billion
by 2020 (68).

Today, most RNA therapeutics have been developed as orphan medicines for rare and very
severe diseases, including some CNS disorders. Mood disorders, however, are quite frequent
(1) and although there is still room for improvement, several easily administered and
affordable pharmacological treatments are widely available. The affordability of RNA
therapeutics for the treatment of mood disorders might therefore be questionable. Stratifying
patient populations according to the probability of therapeutic success, identifying clinical or
biological markers to predict therapeutic efficacy, and potentially restricting RNA
therapeutics selectively to treatment-resistant patients with a clear biological phenotype

represent the new challenges.
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Tables

Animal models of depression

Etiological hypothesis in human

Repeated restraint stress

Adulthood life-stress events

Social defeat stress

Adulthood life-stress events

Unpredictable chronic mild stress

Adulthood life-stress events

Chronic exposure to low dosages of
corticosterone

Dysregulation of the HPA axis

Behavioural tests

Parameters measured

Depressive-like symptoms explored

Sucrose preference test

Sucrose consumption/total consumption (%)

Anhedonia

Number of trials in which climbing high barrier for high reward was chosen (vs low

T-maze cost/benefit task barrier for low reward) Anhedonia
Elevated plus maze Number of entries and time spent in each arm (open vs closed) Anxiety
Light-dark box test Time spent in the light chamber (s); number of transitions between chambers Anxiety
Open field test Time spent in the center (s) Anxiety
Novelty-suppressed feeding test Latency to feed (s) Anxiety
Observed coat state evaluated with a quantitative scale attributing a score for a clean
Coat state score coat and another one for a dirty coat or in an abnormal state, and assessing different Apathy/depressed mood

body parts

Tail suspension test

Immobility time (s)

Behavioural despair

Forced swim test

Immobility time (s)

Behavioural despair

Bodyweight gain

Bodyweight gain (g)

Changes in eating behavior (loss or gain
of appetite)

U-field sociability test

Time spent in the social target zone vs time spent in the non-target zone (s)

Social withdrawal

Social interaction test

Time spent in the interaction zone vs time spent in the avoidance zone (s)

Social withdrawal

Table 1: Animal models and behavioural tests of depressive-like phenotypes used in the selected pre-clinical studies from our literature

review.




Type of
molecule

Therapeutic target

Expected
effect on
therapeutic
target's
expression

Route of
administration

Animal model

Behavioural tests

Name of the test

Effects observed with RNA
therapeutic administration

Observers blinded for
animal groups

Reference

ASO

HuB

HuC

HuD

I.c.v injection

UCMS mice

TST

Anti-HuB, Anti-HuC: |
immobility time (control and
stressed mice)
Anti-HuD: no effect

SPT

Anti-HuB, Anti-HuC: 1 % of
sucrose consumption (stressed
mice)

Anti-HuD: no effect

Light-dark box test

Anti-HuB, Anti-HuC: no
effect
Anti-HuD: 1 time spent in the
light chamber and number of
transitions (stressed mice)

Yes

Sanna et
al., 2018

InsP3RI

InsP3R2

InsP3R3

I.c.v injection

WT mice

FST

| immobility time in a dose-
dependent manner

No

Galeotti et
al., 2008

siRNA

SERT

Intranasal
administration

Chronic
corticosterone
administration in
mice

SPT

1 % of sucrose consumption
(stressed mice)

NFST

| latency to feed (stressed
mice)

TST

| immobility time (stressed
mice)

Yes

Ferrés-Coy
etal., 2016

Trh

Trhrl

Injection in BLA

RRS mice

U-field test

1 sociability index (stressed
mice)

TST

| immobility time (stressed
mice)

FST

| immobility time (stressed
mice)

Choi et al.,
2015

Information Classification: General
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1 % of time spent in the target
zone and | % of time spent in

Information Classification: General

Hert/Orx U-field test the non-target zone (stressed
Injection in BLA RRS mice - . 'mlc'e) No Kmll (T-K)
MCH TST | immobility time (stressed etal., 2015
mice)
CaMKlla FST | immobility time (stressed
mice)
Injection in D3V EPM No effect
5-HT1AR WT mice TST immobility time No Bortolozzi
Intranasal y etal.. 2012
administration FST | immobility time
FST No effect
Neurabin Injection in ACC WT mice T number of entries and No Kim (S) et
EPM percent of time in the open al., 2011
arms
FST | immobility time (stressed
mice)
e 1 time spent in open arms and
GSK3p Injection in NAc UCMS mice EPM | time spent in the closed No Aceto et al,,
shell . 2020
arms (stressed mice)
SPT 1 % of sucrose consumption
(stressed mice)
SIT 1 social interaction ratio
CDYL Injection in PL CSDS mice o (stressed mice) - Yes Liuetal,
SPT 1 % of sucrose consumption 2019
shRNA (stressed mice)
SPT 1 % of sucrose consumption
DAPK1 Injection in mPFC UCMS rats - (st're':ssefl rats) Yes Li (8-X) et
FST | immobility time (stressed al., 2018
rats)
FST No effect
FGF9 Injection in DG WT rats T % of time spent in open No Aurbach et
EPM arms and | % of time spent in al., 2015
the closed arms
p47phox Injection in DG RRS mice TST l 1mm0b111ty. time (stressed No Seo et al,
mice) 2012
33




FST

| immobility time (stressed

Information Classification: General

mice)
SIT 1 % of time spent in social .
BDNF Injection in VTA ISDS rats interaction zone (stressed rats) No aalm(;z)sl ?t
Bodyweight gain 1 grams gain (stressed rats)
miRNA
therapeutics
SPT 1 % of sucrose consumption
(stressed mice)
TST | immobility time (stressed
mlRNA miR-124 I.nJ ection in UCMS mice ' ' 'mlc.e) No Louetal.,
lentivirus hippocampus FST | immobility time (stressed 2019
mice)
SIT 1 interaction time (stressed
mice)
cost /Eerngz.lf task 1 % of high barrier choice
test (MCAo rats)
miRNA mimic miR-363-3p Tail vein injection MCAo rats 1 time spent in social Yes Panta et al,
SIT . . 2019
interaction zone (MCAo rats)
No 1 immobility time after
FST MCAo
SIT 1 interaction time (stressed
mice)
| latency to feed (stressed
. . . NFST . . .
miRNA AAV | miR-124 By * UCMS mice mice) No fhiguchs et
Ippocampus SPT 1 % of sucrose consumption al.,
(stressed mice)
FST No effect
NFST | latency to feed (stressed
rats)
. D 1 % of sucrose consumption Li
1:$221s miR-182 hIinJ esg:; IES UCMS rats SPT (stressed rats) No (Yuefeng)
PP P | immobility time (stressed etal., 2016
FST rats); T swimming time
(control and stressed rats)
34




| immobility time (non-
stressed mice)
L SPT 1 % of sucrose consumption
anti-miRNA miR-16 l hIinJ egg)rﬁ lﬁs UCMS mice (stressed mice) No
pp P Bodyweight gain | 1 grams gain (stressed mice)

FST

Launay et
al., 2011

| Coat state score (stressed

Coat state score .
mice)

Table 2: RNA therapeutics developed in pre-clinical studies using animal models for the treatment of mood disorders. |: reduced; 1: increased;
5-HT;aR: 5-HT)4 receptor; AAV: adeno-associated viral vector; ACC: anterior cingulate cortex; NAc: nucleus accumbens; ASO: antisense
oligonucleotide; BDNF: brain derived neurotrophic factor; BLA: basolateral amygdala; CaMKIla: Calcium/calmodulin-dependent protein
kinase type II subunit alpha; CDYL: chromodain Y-like protein; CSDS: chronic social defeat stress; D3V: dorsal third ventricle; DAPK1: death-
associated protein kinase 1; DG: dentate gyrus; EPM: elevated plus maze; FGF9: fibroblast growth factor 9; FST: forced swim test; GSK3[3:
glycogen-synthase kinase 3f; Hcrt/Orx: hypocretin/orexin; i.c.v: intracerebroventricular injection; InsP3R: inositol-1,4,5-triphosphate receptor;
ISDS: intermittent social defeat stress; MCH: melanin-concentrating hormone; MCAo: middle cerebral artery occlusion; miRNA, miR: micro-
RNA; mPFC: medial prefrontal cortex; NFST: novelty-suppressed feeding test; PL: prelimbic cortex; RRS: repeated restraint stress; shRNA:
short hairpin RNA; siRNA: small interfering RNA; SERT: serotonin transporter; SIT: social interaction test; SPT: sucrose preference test; TRH:

thyrotropin-releasing hormone; TRHR1: TRH receptor-1; TST: tail suspension test; UCMS: unpredictable chronic mild stress; WT: wild-type.
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Information Classification: General

Type of Therapeutic Reference Effect on therapeutic target's Exploration of Reversibility of Toxicity of the RNA Reference
molecule target drug(s) expression in the investigated tissues locomotor activity the effects therapeutic
HuD Hole board test: no
HuB Anmitriptyline | in the hippocampus (WB) effecrtn(())rtl)iiﬁ;)]rgzgeous Not explored Not explored San;gleg al,
HuC exploratory activity
InsP3R1 Hole board test: no
ASO effect on spontaneous : .
InsP3R2 e . . mobility and Yes: on target Slgns (?f toxicity observe.d .
Anmitriptyline, | in the hippocampus, cortex and ) Qi L farg d with higher doses of anti- | Galeotti et
Clomipramine cerebellum (WB, IP and IHC) exploratory act.1V1ty expression af InsP3Rs (e.g., tremors, al., 2008
InsP3R3 Rotagoathgst0 FST convulsions, and death)
effect on motor
coordination
Open field arena: no
effect on the No neuronal degeneration,
| in the DR (ISH, autoradiography activation time, Yes: on tarcet astrogliosis nor immune Ferrés-Co
SERT Fluoxetine binding assay and IHC) and MnR (ISH distance moved, : e responses in the raphe tal 2 Olg
and autoradiography binding assay) slow/short and expression nucleus after C-si-SERT | &' &
fast/large i.n. administration
movement
Trh Yes: on
. associated Choi et al.,
None | in the BLA (RT-qPCR and IHC) No Not explored
. Trhrl molecular effects 2015
siRNA and U-field test
Hert/Orx U-field test: no effect
in the BLA (RT-qPCR on horizontal i -
MCH None l (RTq ) locomotions Not explored Not explored 5[1(1:11"(;013
CaMKlIla Not demonstrated No
| in raphe nuclei (ISH, No inflammatory or
autoradiography binding assay and apoptotic responses in Bortolozzi
5-HT1AR Fluoxetine RT-qPCR); no effect in mPFC and No Not explored | midbrain raphe nuclei after
. . . A etal., 2012
hippocampus (autoradiography C-1A-siRNA injection in
binding assay) D3V
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. | in transfected primary cortical Kim (S) et
Neurabin None neuron culture (WB) No Not explored Not explored al., 2011
. . EPM: no effect on
GSK3p None L in the MSNs of the NAc (single-cell numbers of open and Not explored Not explored Acetoetal,,
RT-qPCR) 2020
closed arm entrances
SIT: no effect on Liu et al
CDYL None | in the PL (WB) distance travelled and Not explored Not explored 2019 "
total movement
. Li (S-X) et
DAPK1 None | in the mPFC (WB) No Not explored Not explored al. 2018
. EPM: no effect on Aurbach et
ShRNA FGF9 None | in DG (ISH) distance travelled Not explored Not explored al., 2015
Indirect effect: no 1 in the
hippocampus of mice (RT-qPCR) after
RRS protocol compared to before; no Seo et al.,
p47phox None significant effect of the administration Wo Not explored Not explored 2012
observed in the hippocampus of non-
stressed mice
. SIT: no effect on Yes: on target Fanous et
BDNF None L in VTA (ELISA) distance travelled expression Not explored al., 2011
miRNA
therapeutics
miRNA . . . Louetal,
lentivirus miR-124 None 1 in the hippocampus (RT-gPCR) No Not explored Not explored 2019
Open field arena
miRNA . chamber: no effect on Panta et al.,
mimic miR-363-3p None Not demonstrated the number of beam Not explored Not explored 2019
breaks
. . . . Higuchi et
miRNA AAV | miR-124 None 1in the hippocampus (NB) No Not explored Not explored al. 2016
siRNA Li
. miR-182 None | in the hippocampus (RT-qPCR) No Not explored Not explored (Yuefeng)
lentivirus
etal., 2016
anti-miRNA miR-16 Fluoxetine Not demonstrated No Not explored Not explored I;Tug%yl Tt

Information Classification: General
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Table 3: Controls in pre-clinical studies using RNA therapeutics on animal models for the treatment of mood disorders. 5-HT sR: 5-HT4
receptor; AAV: adeno-associated viral vector; ASO: antisense oligonucleotide; BLA: basolateral amygdala; BDNF: brain derived neurotrophic
factor; C-1A-siRNA: sertraline-conjugated siRNA directed against 5-HT ;4 receptor; C-si-SERT: sertraline-conjugated siRNA directed against
SERT; CaMKIla: Calcium/calmodulin-dependent protein kinase type II subunit alpha; CDYL: chromodain Y-like protein; DAPK1: death-
associated protein kinase 1; D3V: dorsal third ventricle; DG: dentate gyrus; DR: dorsal raphe nucleus; ELISA: enzyme linked immunosorbent
assay; EPM: elevated plus maze; FGF9: fibroblast growth factor 9; GSK3p: glycogen-synthase kinase 33; Hert/Orx: hypocretin/orexin; IHC:
immunohistochemistery; i.n.: intranasal; InsP3R: inositol-1,4,5-triphosphate receptor; IP: immunoprecipitation; ISH: in situ hybridization; MCH:
melanin-concentrating hormone; miRNA, miR: micro-RNA; MnR: median raphe nucleus; mPFC: medial prefrontal cortex; NAc: nucleus
accumbens; NB: Northern Blot; PL: prelimbic cortex; RRS: repeated restraint stress; RT-qPCR: reverse transcription-polymerase chain reaction;
shRNA: short hairpin RNA; siRNA: small interfering RNA; SERT: serotonin transporter; SIT: social interaction test; TRH: thyrotropin-releasing

hormone; TRHR1: TRH receptor-1; VTA: ventral tegmental area; WB: Western Blot.
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1. ASOs 4. miRNA mimics
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Figures
Figure 1. Mechanisms of action of RNA therapeutics. Ago: Argonaute protein; ASOs:
antisense oligonucleotides; anti-miRs: anti-micro-RNAs; miRNAs: micro-RNAs; mRNA:

mature RNA transcript; pre-mRNA: pre-mature RNA transcript; RISC: RNA-induced
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silencing complex; siRNAs: small interfering RNAs; shRNAs: short hairpin RNAs; XPO-5:

exportin-5.

Identification

[

)

Screening

Eligibility

Included

Records identified through Pubmed
database searching

Additional records identified
through other sources

(n=1)
v
Records after duplicates removed
(n=415)
v
Records screened N Records excluded
(n=415) - (n=75)
L4
Full-text articles assessed Full-text articles excluded, with
for eligibility reasons
{n=340) (n=322)

Y

Reasons :
- Article retracted (n = 1)
- No animal study and/or
no RNA therapeutic
tested and/or no

Studies included in

(n=18)

qualitative synthesis

behavioural test of
mood disorders (n =321)

Figure 2. PRISMA flow diagram for pre-clinical study selection.
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anti-miRs Total : 25 molecules

miRNAs

siRNAs shRNAs

Figure 3. Graphic repartition of the number of selected pre-clinical studies for each RNA

therapeutic type. ASOs: antisense oligonucleotides; anti-miRs: anti-micro-RNAs; miRNAs:

| Research and development costs Production costs

Clinical use

Therapeutic improvement over existing drugs
Adverse effects

Pre-clinical development

Relevant target
Functional modulation of the target

Delivery to target site
Twn to human

Off-target effects
micro-RNAs; siRNAs: small interfering RNAs; shRNAs: short hairpin RNAs.

Toxicity
Reversibility of the effect

Figure 4. Schematic overview of major challenges for the development of RNA therapeutics.
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