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RNA activation (RNAa), a gene regulatory mechanism medi-
ated by small activating RNAs (saRNAs) and microRNAs
(miRNAs), has significant implications for therapeutic applica-
tions. Unlike small interfering RNA (siRNA), which is known
for gene silencing in RNA interference (RNAi), synthetic
saRNAs can stably upregulate target gene expression at the tran-
scriptional level through the assembly of the RNA-induced
transcriptional activation (RITA) complex. Moreover, the
dual functionality of endogenous miRNAs in RNAa (hereafter
referred to as mi-RNAa) reveals their complex role in cellular
processes and disease pathology. Emerging studies suggest
saRNAs’ potential as a novel therapeutic modality for diseases
such as metabolic disorders, hearing loss, tumors, and Alz-
heimer’s. Notably, MTL-CEBPA, the first saRNA drug candi-
date, shows promise in hepatocellular carcinoma treatment,
while RAG-01 is being explored for non-muscle-invasive
bladder cancer, highlighting clinical advancements in RNAa.
This review synthesizes our current understanding of the mech-
anisms of RNAa and highlights recent advancements in the
study of mi-RNAa and the therapeutic development of saRNAs.

INTRODUCTION

In 2006, our group discovered that targeting gene promoters with
small double-stranded RNAs (dsRNAs) could induce gene expres-
sion and termed this novel gene-regulating phenomenon RNA
activation (RNAa).! These dsRNAs, termed small activating
RNAs (saRNAs), share structural similarities with siRNAs, pos-
sessing a 19-nucleotide (nt) duplex with 2-nt overhangs. This dis-
covery was soon corroborated by Janowsky et al. in 2007, who
demonstrated RNAa-mediated upregulation of the progesterone
receptor (PR) gene.” While miRNAs are traditionally recognized
for gene silencing,’ subsequent research revealed their role in
activating gene expression through miRNA-mediated RNAa
(mi-RNAa).*®

The mechanism underlying saRNA-mediated RNAa is facilitated by
the RNA-induced transcriptional activation (RITA) complex, which
includes key components such as Argonaute 2 (AGO2), RNA helicase
A (RHA), and Cln three requiring 9 (CTR9, a part of the PAF1 com-
plex).® These proteins enable the saRNA/AGO2 complex to target
gene promoters in the nucleus, promoting transcriptional activation.
Similarly, mi-RNAa, as exemplified by miR-34a, involves miRNAs

guiding protein complexes to stalled RNA polymerase II (RNAP
II), leading to transcription initiation.”

RNAa, similar to RNA interference (RNAi), is an AGO-dependent
process primarily involving AGO2 and AGO1.">**"'* Unlike
RNAi, where most siRNAs designed to target mRNA sequences
exhibit silencing activity, the efficacy of saRNAs is highly dependent
on their target location within the promoter region, with factors such
as proximity to transcription start sites, sequence context, and local
chromatin state being critical determinants of activation™'>'* versus
silencing outcomes.'™'® RNAa also exhibits unique in vitro kinetics
characterized by a delayed onset and sustained activity over multiple
cell divisions,">'” properties starkly contrasting with RNAi’s rapid
yet transient effects and underscoring its epigenetic basis.

The discovery of RNAa has opened up novel research avenues into
miRNA regulation networks and the broader roles of miRNAs in
cellular and disease processes. Importantly, the capacity of saRNAs
and miRNAs to positively modulate gene expression presents exciting
therapeutic possibilities. saRNAs have been explored in treating
various diseases, including metabolic conditions,” hearing loss,'®
cancer,””** and neurodegenerative disorders such as Alzheimer’s dis-

ease (AD).””

Notably, RNAa-based therapeutics have advanced into clinical devel-
opment. MTL-CEBPA, the first saRNA drug candidate, has demon-
strated efficacy in hepatocellular carcinoma (HCC) and is currently
in phase II clinical trials.”® RAG-01, another saRNA that activates
the p21 gene, has recently received US Food and Drug Administration
(FDA) approval for phase I trials for the treatment of non-muscle
invasive bladder cancer (NMIBC),”” with an ongoing trial in Australia
(NCT06351904).

This review aims to synthesize the historical developments and recent
advances in RNAa research, with a focus on the roles of endogenous

https://doi.org/10.1016/j.omtn.2025.102494.

Correspondence: Xuhui Zeng, Institute of Reproductive Medicine, School of
Medicine, Nantong University, Nantong, Jiangsu 226019, China.

E-mail: zengxuhui@ntu.edu.cn

Correspondence: Long-Cheng Li, Institute of Reproductive Medicine, School of
Medicine, Nantong University, Nantong, Jiangsu 226019, China.

E-mail: lilc@ractigen.com

) Molecular Therapy: Nucleic Acids Vol. 36 June 2025 © 2025 The Author(s). 1
Published by Elsevier Inc. on behalf of The American Society of Gene and Cell Therapy.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omtn.2025.102494
mailto:zengxuhui@ntu.edu.cn
mailto:lilc@ractigen.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2025.102494&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

Review

:

\ Promotor

\ \ / RITACompIex

\ Recruited

Discarded ) \
TITTTT TITTT TITIT “~——"saRNA

Import\ \ RHA
(] N O
m Passenger N\ N ~

saRN - Guide ~ S~ Nucleus
Cytoplasm S~ e ~
S~

RNAa in cellular processes and the therapeutic potential of saRNA-
based treatments.

saRNA-MEDIATED RNAa AND THE RITA COMPLEX

Since the early reports of RNAa mechanism by Li et al. and Janow-
ski et al. in which promoter-targeting saRNA upregulated potent
gene expression at the mRNA level, with argonaute proteins, espe-
cially AGO2, being indispensable."*
of RNAa remained elusive until, in 2016, Portnoy et al. elucidated
the intricate working mode of saRNA-mediated RNAa, which
centered around the RITA complex consisting of at least AGO2,
RHA, CTRY, and other proteins (Figure 1).° AGO2 plays a founda-
tional role in the initial stages, engaging with the guide strand of
saRNA in the cytoplasm and facilitating its nuclear import, a pro-
cess that remains to be fully elucidated. Once inside the nucleus,
AGO2 recruits RHA, potentially to unravel the DNA helix, allowing
saRNA to bind its target. CTR9, a key component of the PAF1 com-
plex (PAF1C) that is known to operate at the interface of transcrip-
tion and chromatin and play a key role in the regulation RNAP II
activity,”>*" is then recruited, setting the stage for RNA polymerase
IT’s recruitment and the assembly of the RITA complex at the target
gene promoter. This assembly shifts the transcriptional machinery
into gear, marked by a transition from paused to elongating RNA
polymerase II, as shown by changes in phosphorylation patterns
at the transcriptional start site (TSS): decrease of Ser5 phosphory-
lated RNA polymerase II and accumulation of Ser2 phosphorylated
RNA polymerase II (corresponding to pausing and elongating poly-
merase respectively). Additionally, histone H2B monoubiquitination
was identified as an early epigenetic event associated with RNAa,
believed to promote further histone modifications that enhance
active transcription.’ This pivotal work established the RITA com-
plex’s role in saRNA-induced gene upregulation and thus a founda-
tional model of RNAa mechanisms. The findings indicate that
saRNAs bind to their intended targets on promoters in a
sequence-specific manner, supporting the idea that AGO2 serves

A detailed mechanistical model
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Figure 1. Mechanistic model of saRNA-mediated
RNAa

(A) When an saRNA (double stranded) is recognized and
loaded by AGO (e.g., AGO2), the passenger strand is
cleaved and discarded in the cytoplasm and the guide
strand of the saRNA is retained to form an saRNA-AGO
complex, which is imported into the nucleus in an unde-
fined pathway. (B) saRNA guides AGO2 to the promotor
target site. (C) At the promotor, key components such as
RHA, CTR9, and RNAP Il are convened by the AGO2/
saRNA complex to assemble the RITA complex,
thereby stimulating transcription.

as an RNA-programmable recruitment plat-
form for transcriptional activation.

/ CTRY, as part of the PAF1 complex, is instru-
mental in RNAa and influences transcription
initiation and elongation by interacting with
RNA polymerase II. Two independent studies by Voutila et al. and
Zhao et al. reaffirmed the critical of CTR9 in RNAa.*>*' The knock-
down of other proteins such as DDX5 and HNRNPA2BI also inter-
rupts saRNA activity, indicating a complex regulatory relationship in
RNAa.”

CONSERVATION OF RNAa

RNAa was initially observed in human cells, as reported by Li et al.’
This phenomenon was subsequently confirmed across a variety of
mammalian cells, including those from African green monkeys,
chimpanzees, mice, and rats.”>
RNAa has since been demonstrated in Caenorhabditis elegans
and plants.™

The evolutionary conservation of
33-35

In C. elegans, RN Aa involves the processing of piRNA precursors into
mature 21U-RNAs, which associate with the PRG-1 protein. This
complex targets endogenous mRNAs and recruits RNA-dependent
RNA polymerase (RdRp) to produce secondary 22G-RNAs. These
22G-RNAs are loaded onto the AGO protein CSR-1, which guides
them to nascent transcripts. This process allows CSR-1 to interact
with RNAP IT and local chromatin, facilitating the recruitment of his-
tone-modifying enzymes. This recruitment promotes epigenetic acti-
vation through specific histone modifications, such as H3K4me and
H3K36me3, enhancing gene expression.”” >

In plants, RNA-directed DNA methylation (RdADM), triggered by the
introduction of inverted repeat sequences targeting a specific intron
region, leads to cytosine methylation at particular sites. This methyl-
ation, even without continued RNA triggers, causes transcriptional
activation and sustained upregulation of the targeted gene, creating
a heritable transcriptionally active epiallele.*®

More recently, De Hayr et al. extended these observations to in-
sects, showcasing that both short saRNA and long dsRNA can
induce the expression of both exogenous (e.g., a GFP reporter
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Figure 2. A mechanistic model of miR-34a-
mediated mi-RNAa
(A) miR-34a is imported to the nucleus by interacting with
/ the AGO2/TNRC6A complex. (B) Inside the nucleus,
/ DDX21 and CDK9 are released and activated by
/ binding with the AGO2-miR-34a-TNRCBA complex.
/ (C) The complex, now including DDX21 and CDK9,
/ binds to paRNAs overlapping the ZMYND10 promoter.
/ / (D) The complex’s presence at the ZMYND10 promoter
/ enables the release and activation of paused RNA
/ polymerase Il (RNA pol ), leading to transcription
/ activation of the ZMYND10 gene.

In the case of miR-551b-3p, it was found that
the UUGGUUU sequence in miR551b-3p is
important for its nuclear translocation since
mutation of this motif abolishes its nuclear
import and activity in inducing STAT3.*® Of

m

——

miR-34a

gene) and endogenous genes in cell lines derived from Aedes
aegypti (Aag2) and Spodoptera frugiperda (S9) as well as in vivo.
This induction involves the Ago2 protein and can be triggered by
single-stranded RNA targeting either strand of the promoter
DNA.”’

Building on this, Kwofie et al. identified RNAa in Haemaphysalis
longicornis ticks, where saRNA targeting the 3’ UTR of the
HlemCHT gene, an endochitinase-like gene, significantly upregulated
HlemCHT expression following injection into tick eggs.’® The eggs
from the saRNA-treated ticks exhibited advanced developmental
stages and increased hatching rates, suggesting that RNAa plays a
role in physiological processes such as egg development and hatching.
This work represents the first evidence of RNAa in ticks and opens up
new possibilities for using RNAa as a gene overexpression tool in tick
biology, with potential implications for controlling tick populations
and tick-borne diseases.

NUCLEAR TRANSPORT OF saRNAs

Unlike cytoplasmic RNAi, RNAa occurs in the nucleus, and the
saRNA triggers must enter the nucleus to function. The intracel-
lular transport of siRNA and miRNA has been well studied, as
karyopherins exportin-1 (XPO1, also known as CRM1) and
importin-8 (IPO8), a member of the karyopherin b or protein
import receptor importin b family, are involved in the nuclear
import of miRNA™ or siRNA,*>*' and XPO5 is responsible for
the export of pre-miRNA.** Although miRNAs are known to func-
tion mainly in the cytoplasm, numerous miRNAs are present or

. . 43-45
even enriched in the nucleus.”” ™

A number of miRNAs have been found to function in the nucleus
as saRNA. A well-studied example is miR-551b-3p, which binds
to the promoter of and activates the expression of the STAT3
gene.*® IPOS is indicated to be related to the nuclear import of
46

miRNA551b-3p by interacting with miR551b-3p-AGO complex.

course, it is unclear whether this motif serves
as a nuclear import signal or the observed loss of nuclear import
when it is mutated was simply because of the loss of pairing
with a nuclear target.

In this regard, a hexanucleotide motif (5-AGUGUU-3') in the 3’ ter-
minus of miR-29b-3p was reported to direct this miRNA to the nu-
cleus.*” However, other studies could not confirm that the miR-
29b-3p hexanucleotide motif is a bone fide nuclear-enrichment signal
since some miRNAs that contain the same motif do not exhibit nu-
clear enrichment, while others that lack the motif do show significant

enrichment.*>*®

The detailed mechanism of how the saRNA enters the nucleus re-
mains largely unknown. Key questions include the form in which
saRNAs enter the nucleus (free or AGO protein-loaded), which
proteins are responsible for their nuclear import, and the subse-
quent fate of saRNAs. Castanotto et al. identified a stress-induced
response complex (SIRC) crucial for transporting mature RNAs
(including miRNAs, siRNAs, and oligonucleotides) into the nu-
cleus.”” Several proteins, including AGO1, AGO2, and transcrip-
tion or splicing regulators (such as YBI, an integral component
in the cellular stress response), participate in SIRC assembly.
This study implies that cellular stress could enhance the transport
of oligonucleotides or siRNAs to stimulate splicing switch events
and increase the efficiency of endogenous miRNA transport target-
ing nuclear RNAs. Whether the findings from this study are appli-
cable to saRNA awaits to be tested.

miRNA-MEDIATED RNAa

In a pioneering study, Place et al. reported that miR-373, including
synthetic mature and its precursor, could activate the expression of
two genes CDHI1 and CSDC2 in whose promoters it has binding
sites.” Subsequent research by Huang et al. in 2012 revealed that
miR-744 and miR-1186 could elicit the expression of Cyclin B1.”
In 2014, Turner et al. expanded this concept by demonstrating
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Table 1. Reported miRNAs that serve as saRNA

miRNA Species Target gene/genome region Cellular processes/disease Reference
miR-373 Homo sapiens CDHI, CSDC2 N/A Place et al.*
miR-744, miR-1186 Mus musculus Cenbl N/A Huang et al.”
lin-4 C. elegans lin-4 N/A Turner et al.”’
miR-324-3p Rattus norvegicus RelA N/A Dharap et al.>
miR-1236 inhibit r'enal <':ell carcinoma Wang et al.**
cell proliferation
miR-3619-5p inhibit prostate cancer cell growth Lietal™
H. sapiens CDKNI1A : _ _
miR-6734 1nduC§ apoptosis and cell-cycle Kang et al.”*
arrest in colon cancer cells
miR-370-5p, miR-1180-5p, inhibit bladder cancer and lung Wang et al.”®
miR-1236-3p cancer cell growth Lietal”
miR-483-5p H. sapiens IGF2 promote sarcoma cell tumorigenesis Liu et al.”®
IL-2,
Let-7i; miR-138; miR-92a; . . 59,6
er /L s H. sapiens Insulin, N/A Zhang et al.”>*’
miR-181d Lo
Calcitonin, c-myc
miR-589 H. sapiens COX-2 N/A Matsui et al.*'
miR-877-3p H. sapiens CDKN2A inhibit bladder cancer proliferation Liet al®
regulate immune function by
miR-4281 H. sapiens FOXP3 accelerating the differentiation of Zhang et al.®
human naive cells to induced Tregs
EAT1 (1 4
miR-140 H. sapiens, M. musculus fon-codi(nz;nﬁNA) induce adipogenesis Gernapudi et al.**
miR-H3 H. sapiens® HIV-1 N/A Zhang et al.*’
Let-7¢ H. sapiens BACE2 reduce B-amyloid production (AD) Liu et al.”
miR-150 M. musculus PLIN2 increase hepatocyte lipid accumulation Luo et al."’
miR-23a Sus domestica NORHA facilitate granulosa cell apoptosis Wang et al.*®
miR-339 S. domestica CYP19A1 facilitate granulosa cell estrogen release Wang et al.”’
H. sapiens; g . .
facilitat fi .
miR-320 M. musculus; CD36 acilitate cardiac dysfunction Li et ol
. under diabetes
R. norvegicus
TNB i haluvally-Ragh: L'
miR-551b-3p H. sapiens STAT3 promote TN C' and ovarian Chaluvally-Rag] avin etal
cancer progression and Parashar et al.
induce cetuximab resistance of
miR-451a H. sapiens KDM7A head and neck squamous Zhai et al.*’
cell carcinoma
miR-122-5p H. sapiens IGFBP4 inhibit intrahepatic cholangiocarcinoma Tao et al.”’
miR-617 H. sapiens DDX27 inhibit OSCC growth Sarkar et al.”'
miR-34a H. sapiens ZMYND10 N/A Ohno et al.”
inhibit high-gl -i 7
miR-17-5p Ovis aries KPNA2 inhibit high-glucose-induced Wang et al.”~

apoptosis of granulosa cells

N/A, not applicable.

“miR-H3 was encoded by HIV and enhanced HIV replication by targeting the TATA box of HIV, but this process occurred in human CD4+ T cells.

that lin-4 could upregulate its own expression via direct binding to
a lin-4-complementary element (LCE) on its promoter.3 ° However,
this same group later reported that, under growth conditions
that reveal effects at the transgenic locus, a direct, positive autor-
egulatory mechanism of lin-4 expression occurred only in trans-
genic lin-4 reporter, not in the context of the endogenous lin-4

51
locus.”
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These studies challenged the conventional view of miRNAs solely
as negative regulators of gene expression and revealed a non-ca-
nonical gene-regulation function of miRNAs. Since those early
studies, many more examples have surfaced in which miRNAs
participate in the regulation of cellular and disease processes by
positively regulating gene transcription in the nucleus (Table 1).
To differentiate RNAa induced by artificially designed duplex
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saRNA, we will use mi-RNAa hereafter to describe RNAa induced
by miRNA.

Recent examples of mi-RNAa

miR-34a

A study by Ohno et al. sheds light on the intricate mechanism of
mi-RNAa. The authors focused on the induction of the ZMYND10
gene by miR-34a in human non-small-cell lung cancer (NSCLC)
cell line H1299 as a model system to dissect the mi-RNAa mech-
anism.” The authors found that miR-34a binds to a long non-cod-
ing RNA (IncRNA) transcribed from the ZMYND10 promoter re-
gion, termed promoter-associated RNA (paRNA) paZMYNDIO0.
This interaction in the nucleus leads to the recruitment of the
RNA-induced silencing complex (RISC), composed of AGO and
TNRC6A proteins, to the ZMYNDI10 promoter. The RISC, in
turn, forms a complex with DDX21 and CDK9, key components
of the positive transcription elongation factor b (P-TEFb). The
miR-34a-RISC-DDX21-CDK9 complex then facilitates the release
of paused RNAP II at the ZMYND10 promoter, allowing for
active transcription and subsequent upregulation of ZMYND10
expression (Figure 2). The dependence of this mi-RNAa mecha-
nism on DDX21 and CDK9 was further confirmed by the observa-
tion that their inhibition significantly attenuated ZMYNDI0 in-
duction by miR-34a without affecting the miRNA’s canonical
gene-silencing function.

The study proposes a model where the release of paused RNAP
II, mediated by the interplay between miRNA, RISC, and tran-
scription elongation factors, constitutes the core mechanism
of mi-RNAa, at least in the context of ZMYNDI10 regulation
by miR-34a, and provides compelling evidence for a novel
miRNA-mediated RNAa mechanism (Figure 2), opening new ave-
nues for research into the multifaceted roles of miRNAs in gene
regulation and disease development. This study also highlights
the importance of promoter-associated IncRNAs as key players
in RNAa.

This mechanism revealed in this study seems to be remarkably similar
to RNAa induced by saRNA in which the RITA complex triggers
elongation of transcription by phosphorylating RNAP II at Ser2 of
the CTD domain (discussed above).

miR-150

In a 2023 study, Luo et al. explored the role of nuclear miR-150 in
promoting hepatic lipid accumulation, particularly in the context
of alcoholic fatty liver (AFL) disease.' The authors identified
perilipin-2 (PLIN2) as a direct target of miR-150 and demon-
strated that miR-150 enhances PLIN2 expression by binding to
RNA transcripts overlapping the PLIN2 promoter and facilitating
the recruitment of RNAP II and RHA, and AGO2 or RHA knock-
down abolished the gene expression activation by miR-150. These
findings suggest that miR-150 acts as a pro-steatotic factor in the
liver by modulating the transcription of genes involved in lipid

accumulation. '’

mi-RNAa mediated by TATA box- and enhancer-targeting
miRNAs

mi-RNAa has expanded the function of miRNA and our understand-
ing of RNAa. Two specific targeting models are worth noting, which
are RNAa induced by miRNAs that bind the TATA Box in core pro-
moters””*” and miRNAs that bind enhancers.”” Initially, Zhang et al.
reported that miR-H3 targets the 5 LTR TATA box of HIV-1 and ac-
tivates the viral promoter in a sequence-specific manner to upregulate
HIV-1 RNA and protein expression.”” The same group later illus-
trated the mechanism of gene upregulation induced by TATA-box-
targeting miRNA.*® With the help of AGO2, TATA-box-targeting
miRNA triggered transcriptional activation by directly interacting
with the TATA-box motifs and recruited the RNAP II to form a tran-
scription preinitiation complex (PIC), a process resembling that iden-
tified in saRNA-induced RNAa’(discussed above). Adjacently, they
identified similar activating mechanisms for the genes IL-2, insulin,
calcitonin, and c-myc by miRNAs let-7i, mir-138, mir-92a, and mir-
181d, respectively, by targeting each promoter’s TATA box.*

In 2017, Xiao et al. explored RNAa events mediated by enhancer-tar-
geting miRNAs.”*”> Their study demonstrated that a subset of
miRNAs, including miR-24-1, can activate gene transcription by tar-
geting enhancer regions. Specifically, miR-24-1 functions as an
enhancer trigger, leading to increased expression of neighboring
protein-coding genes. This activation is associated with several key
mechanisms: the upregulation of enhancer RNA (eRNA) expression,
alterations in histone modifications, and the recruitment of transcrip-
tional machinery, including RNAP I and the co-activator p300, to the
enhancer locus. Notably, the activation of gene transcription by miR-
24-1 was contingent upon the integrity of the enhancer sequence;
deletion of the enhancer abolished the transcriptional activation,
underscoring the specificity of this regulatory mechanism. The study
also highlighted the dual functionality of miRNAs, where they can act
as repressors in the cytoplasm while simultaneously promoting tran-
scription in the nucleus.
In a subsequent study,”® the same research group presented further
evidence of nuclear miRNAs targeting enhancers, focusing specif-
ically on miR-339 and its role in the reactivation of the tumor sup-
pressor gene G protein-coupled estrogen receptor 1 (GPER1) in
breast cancer through enhancer switching mechanisms. Their find-
ings revealed that low expression levels of miR-339 correlated with
the downregulation of GPERI1 across various breast cancer subtypes,
particularly in Luminal A/B and triple-negative breast cancer
(TNBC). Mechanistic studies illustrated that miR-339 functioned to
enhance GPERI1 expression by activating its associated enhancer, a
process that can be inhibited by targeted enhancer deletion using
the CRISPR-Cas9 system. This research reinforced the concept of nu-
clear-activating miRNAs as critical regulators of enhancer activity
and subsequently tumor suppressor gene (TSG) expression.

Network regulation of miRNAs

While most mi-RNAa phenomena were reported as relationships
of one miRNA to one target gene, similar to posttranscriptional

Molecular Therapy: Nucleic Acids Vol. 36 June 2025 5
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regulation by targeting 3’ UTR, mi-RNAa could occur as the one-to-
many or many-to-one relationship. In the first report of mi-RNAa,
Place et al. demonstrated that introducing into cells miR-373, which
was predicted to bind the promoter of e-cadherin (CDH1) and cold
shock domain-containing protein c2 (CSDC2) could induce the
expression of both genes.” In a study by Huang et al.,” two mouse
endogenous miRNAs, miR-744 and miR-1186, were predicted to
bind different regions of the Ccnbl promoter. Introducing either of
these two miRNAs into cells sustained Ccnbl expression, leading to
similar phenotypes in the cells.

In another study by Huang et al.,” the authors used chromatin immu-
noprecipitation sequencing (ChIP-seq) to uncover a network of inter-
actions where miRNAs regulate protein-coding genes by guiding
Agol to their promoters in prostate cancer cells. AGO1 was found
to bind to the promoters of actively transcribed genes involved in
cell growth and oncogenesis, interacting with RNAP II to facilitate
transcription. Disrupting miRNA biogenesis through Dicer and Dro-
sha knockdowns reduced AGO1-RNAP II interactions, indicating
that miRNAs play a critical role in directing AGOL1 to specific pro-
moters. This study illustrated a network of miRNA-mediated tran-
scriptional regulation where miRNAs target multiple gene promoters,
enabling a coordinated activation of oncogenes via RNAa. The find-
ings have significant implications for cancer biology, suggesting that
miRNA-AGO interactions could be targeted to modulate oncogene
expression. Further research is necessary to determine if this network
regulatory mechanism is active in non-cancer contexts.

INVOLVEMENT OF MI-RNAa IN CELLULAR
PROCESSES AND DISEASES

miRNAs are known to play pivotal roles in cellular processes by bind-
ing to and regulating the stability or translation of mRNA, typically
leading to mRNA degradation or translational repression.” Aberrant
regulation of miRNAs, whether through overexpression of harmful
miRNAs, deficiency of critical miRNAs, or dysregulation of tissue-
specific miRNAs, has been closely linked to the development of
various diseases, including cancer and metabolic disorders. Recent
studies have expanded this understanding by highlighting the
involvement of mi-RNAa in cellular and disease processes. In this sec-
tion, we discuss how mi-RNAa contributes to the regulation of com-
plex biological mechanisms and disease development. For instance,
miR-182-5p has been implicated in liver regeneration,”” while miR-
320 plays a significant role in lipid metabolism.”® These findings
reveal how mi-RNAa is emerging as a key regulatory pathway, adding
complexity to our understanding of miRNA function in health and
disease.

Let-7 and AD

Liu et al. investigated the role of miRNA let-7c in modulating gene
expression through RNAa within the context of AD in a Down syn-
drome (DS) cell line (MB1478) and a transgenic mouse model of AD
(B6/JNju-Tg(APPswe, PSEN1dE9)/Nju).”® They found that let-7c
was upregulated in these models, correlating with reduced B-amyloid
(AB) production. This reduction was achieved through increased

6 Molecular Therapy: Nucleic Acids Vol. 36 June 2025

expression of BACE2, which cleaves amyloid precursor protein
(APP) in a non-amyloidogenic pathway. Let-7c binds directly to
the BACE2 promoter, activating its transcription via RNAa.

The authors propose a mechanistic model where let-7c activates
BACE2 transcription, shifting APP processing from an amyloido-
genic to a non-amyloidogenic pathway, reducing AP accumulation
in the brain. Together, this study provides a compelling example of
how miRNAs like let-7¢ can influence disease processes by engaging
RNAa mechanisms. The findings underscore the therapeutic poten-
tial of miRNA-based interventions in AD, offering new avenues for
research and treatment.

mi-RNAa in liver diseases

miRNAs have been found to be involved in hepatocyte cellular pro-
cesses and diseases, including liver regeneration,78’79 liver fibrosis,®*%!
non-alcoholic fatty liver disease,*> > and even HCC.***” However,
the role of mi-RNAa in liver diseases has not been reported until
recent years.

The miR-150 example discussed above revealed that miR-150 pro-
motes lipid accumulation in hepatic cells under the circumstance of
ethanol exposure by directly activating PLIN2, a lipid-sequestra-
tion-related gene.'”

Xiao et al. investigated the role of miR-182-5p in liver regeneration
following partial hepatectomy (PH).”” They found that miR-182-5p
heterozygous knockout mice exhibited impaired liver regeneration
and reduced hepatocyte proliferation, which was reversed by miR-
182-5p overexpression. The study revealed that miR-182-5p posi-
tively regulates Cyp7al expression by binding to its promoter, leading
to increased cholic acid (CA) production. Elevated CA activates he-
patic stellate cells (HSCs), which produce hedgehog (Hh) ligands
like Indian hedgehog (Ihh) that stimulate hepatocyte proliferation
via the Hedgehog signaling pathway. This research underscores the
role of miR-182-5p in facilitating crosstalk between hepatocytes
and HSCs, promoting liver regeneration through enhanced hepato-
cyte proliferation.

mi-RNAa in porcine granulosa cells

Wang et al. explored the role of miR-23a in porcine granulosa cell
apoptosis’® and found that miR-23a, predominantly nuclear, bound
to the promoter region of the NORHA gene and activated its expres-
sion, leading to apoptosis in granulosa cells.

A 2023 study”” from the same group identifies miR-339 as a saRNA
that activates the transcription of CYP19A1, the gene encoding the
aromatase enzyme crucial for estrogen (E2) synthesis in granulosa
cells. miR-339 bound directly to the promoter of CYPI19Al,
enhancing its transcription and subsequent E2 release. The research
also highlighted that the nuclear long non-coding RNA NORSF
acts as a competing endogenous RNA (ceRNA) for miR-339, prevent-
ing it from activating CYP19A1 when NORSF levels are high. This
interaction underscores the regulatory role of miR-339 in E2 synthesis
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and suggests potential therapeutic applications for improving female
fertility.

mi-RNAa in cardiac diseases

Wang’s group systematically studied the impact of miR-320 on
glucose and lipid metabolism and identified its crucial involvement
in the regulation of key metabolic pathways and its contributions to
disease progression via mi-RNAa and conventional mRNA suppres-

. . 88-9
S1on mechamsms.(’x’% %0

Initially, Wang and colleagues identified miR-320 as a key player in
cardiovascular diseases, particularly in the context of diabetes-
induced cardiac dysfunction.”’ They demonstrated that miR-320 is
upregulated in the hearts of diabetic mice and is involved in the acti-
vation of transcriptional programs that lead to lipotoxicity and car-
diac dysfunction. This was shown by their findings that miR-320
directly activates the transcription of fatty acid metabolic genes,
such as CD36, through its interaction with the Argonaute 2 (Ago2)
protein, which is crucial for its function as an saRNA.%®

In their subsequent studies, the group further elucidated the mecha-
nisms by which miR-320 exerts its effects. They found that miR-320 is
not only present in the cytoplasm but also localized in the nucleus,
where it can interact with promoter regions of target genes. This nu-
clear localization allows miR-320 to influence gene expression
directly, thereby functioning as an activator of transcription rather
than merely repressing target mRNAs.*>*’

Building on these findings, they uncovered a positive feedback loop
between miR-320 and CD36 that aggravates hyperglycemia-induced
cardiomyopathy and metabolic dysfunction.”® The group also re-
vealed that miR-320’s transcriptional activation capabilities extend
to other metabolic genes, positioning it as a central regulator of
glucose and lipid metabolism in the heart, liver, and other tissues.”>**

mi-RNAa in cancer

miR-551b-3p

In recent years, mi-RNAa has emerged as a significant mechanism in
cancer progression, with miR-551b-3p standing out for its oncogenic
roles in multiple cancers.”>”* In ovarian cancer, miR-551b-3p, located
at the 3q26.2 amplification site, plays a crucial role in tumor growth
and metastasis.'' Previous studies demonstrated that miR-551b-3p
directly binds to the promoter of STAT3, upregulating its transcription
and contributing to the deregulation of cell proliferation, survival, and
chemotherapy resistance in high-grade serous epithelial ovarian can-
cer (HGSEOC)."' Mechanistically, miR-551b-3p recognizes and binds
the STAT3 promoter via sequence complementarity within the pro-
moter region, enabling transcriptional activation through interactions
with nuclear AGO2. Silencing miR-551b-3p with anti-miR treatments
significantly reduced tumor growth in vitro and in vivo, making it a
promising therapeutic target for ovarian cancer management."'’

Further expanding its oncogenic role, a 2019 study by the same group
revealed that miR-551b-3p also promoted the progression of TNBC

by activating an oncostatin signaling module.*® Upon nuclear trans-

location, which depended on Importin-8 (IPO8), miR-551b-3p upre-
gulates STAT3 and oncostatin family genes, establishing an autocrine
loop that drives cancer cell growth and metastasis. Inhibition of miR-
551b-3p disrupted this oncogenic signaling pathway.*®

Together, these findings highlight the dual oncogenic roles of miR-
551b-3p across different cancers through its ability to activate the
transcription of key genes via mi-RNAa. This exemplifies how mi-
RNAa contributes to cancer progression and opens up novel avenues
for targeted therapies that disrupt miRNA-mediated gene activation
in malignancies.

miR-451a

A 2024 study by Zhai et al. uncovered a critical role for miR-451a in
mediating drug resistance. The authors found that, in cetuximab-
resistant head and neck squamous cell carcinoma (HNSCC) cells,
miR-451a was highly enriched in the nucleus where miR-451a acti-
vated the expression of the KDM7A gene by interacting with an
enhancer region within the gene. This activation of KDM7A, a lysine
demethylase, promoted cancer cell proliferation and migration, ulti-
mately contributing to cetuximab resistance. Mechanistically, this
process was shown to be AGO2 dependent, as silencing AGO?2 led
to reduced KDM7A expression and restored sensitivity to cetuximab.
Clinically, the study demonstrated a correlation between high levels of
miR-451a and KDM7A in a cohort of 87 HNSCC patients, linking
them to cetuximab resistance. These findings suggest that nuclear
miR-451a-mediated RNAa of KDM7A plays a pivotal role in cetuxi-
mab resistance, offering potential new therapeutic targets for over-
coming resistance in HNSCC.

miR-122-5p

The study by Tao et al.”” investigated the role of miR-122-5p in inhib-
iting metastasis of intrahepatic cholangiocarcinoma (ICC). They
discovered that miR-122-5p was downregulated in ICC and played
a crucial tumor-suppressing role. Using various cell-based assays,

1.70

the study found that overexpression of miR-122-5p significantly in-
hibited migration, invasion, and epithelial-mesenchymal transition
(EMT) in ICC cell lines. They further identified insulin-like growth
factor binding protein 4 (IGFBP4) as a direct target of miR-122-5p,
which bound to the promoter region of the IGFBP4 gene and acti-
vated its transcription. IGFBP4 expression was inversely correlated
with tumor invasiveness and metastasis, and higher levels of
IGFBP4 were associated with better patient outcomes. In an in vivo
patient-derived xenograft (PDX) model, miR-122-5p overexpression
significantly reduced tumor growth and metastasis, further support-
ing its potential therapeutic value in inhibiting ICC progression.

miR-617

Sarkar et al.”' reported that miR-617 impeded cell viability and pro-
liferation in oral squamous cell carcinoma (OSCC) by upregulating
the expression of DDX27 via interacting directly with its promoter,
as confirmed through dual-luciferase assays.”' Additionally, miR-
617 was found to modulate the PI3K/AKT/MTOR signaling pathway
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via DDX27, contributing to reduced cancer cell viability. The study
also explored the clinical relevance of miR-617 and DDX27 in
OSCC patient samples, showing a positive correlation between their
expression levels in a subset of cases.

Regulation of the immune system

The study by Zhang’s group, previously found that miRNAs enhance
the activities of several viral and cellular promoters through
sequence-specific interactions with the TATA-box motif.">*>**
Another study from the same group demonstrates that miR-4281
plays a crucial role in the immune system by upregulating the expres-
sion of the FOXP3 gene, a key factor in regulatory T cell (Treg) devel-
opment.®® Through direct interaction with the TATA-box motif in
the FOXP3 promoter, miR-4281 enhanced FOXP3 transcription, pro-
moting the differentiation of naive CD4+ T cells into functional Tregs
with potent immunosuppressive capabilities. This process was vali-
dated in both human naive CD4+ T cells and humanized mouse
models, where miR-4281-induced Tregs significantly reduced graft-
versus-host disease (GVHD) severity. The study suggests that miR-
4281 could be a therapeutic target for enhancing Treg function in im-
mune-related conditions, although its hominid-specific nature may
limit broader applicability.

saRNAs AS THERAPEUTICS

There is a critical unmet medical need in drug development for
targeted activation of therapeutic genes to treat genetic and com-
plex diseases, and saRNA emerges as a promising technology ap-
proaching clinical validation. Unlike other gene/protein augmenta-
tion approaches such as DNA replacement, mRNA, or protein
therapeutics, saRNA offers distinct advantages: it is more compact,
potentially easier to deliver, more cost-effective to manufacture,
and, critically, does not permanently alter the genome. However,
saRNA faces unique challenges compared to siRNA therapeutics,
primarily requiring more sophisticated delivery systems to success-
fully translocate into the nucleus as most delivered duplex RNA is
sequestered in the cellular cytosol. The therapeutic promise of
saRNAs was recognized early, with initial research efforts strategi-
cally targeting genes involved in cancer and inherited genetic
disorders.

saRNAs for cancer treatment
discovery of RNAa, the potential of treating

cancer with saRNAs that activate TSGs has been extensively
9,21,22,57,95-102

Since the

explored.’
ploiting saRNAs as a cancer treatment in preclinical settings.

We discuss here some recent examples of ex-

Yang et al. designed saRNA (dsPAWR-435) to stimulate the pro-
apoptotic WT1 regulator (PAWR) expression in bladder cancer cell
lines.”" Activating PAWR expression in T24 and 5637 induced their
cell apoptosis and Gl-phase arrest by impacting the Bcl-2 (anti-
apoptotic proteins) and restraining the nuclear factor (NF)-«B and
Akt signaling pathways. A combination of dsPAWR-435 with
cisplatin showed enhanced anti-tumor effects, suggesting the possibil-
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ity of listing dSPAWR-435 as an alternative bladder cancer therapeu-
tic schedule.

The report of Park et al. demonstrated that VDUPI upregulation
induced by saRNA (dsVDUP1-834) can inhibit cell growth and arrest
cell cycle in lung cancer cells.”” In A549 cells, vitamin D upregulated
protein 1 (VDUPI1) is activated by dsVDUP1-834 in an AGO2-
dependent way. After dsVDUP1-834 treatment, DNA demethylation
and altered transcriptional marker accumulation at the VDUP1 pro-
moter further prove that it is a canonical RNAa event. In the A549
xenograft model, the smaller tumor volume of the dsVDUP1-834-
treated group indicates a reliable in vivo tumor-inhibiting efficacy.

The study by Bi et al. explored the use of saRNAs to target and activate
the TSG LHPP in HCC. LHPP was recently identified as a crucial fac-
tor in the pathogenesis of HCC, and its inactivation is directly linked
to the development of the disease, whereas its reactivation has been
shown to promote tumor suppression.'’> Through high-throughput
screening, RAG7-133 was identified as a potent saRNA that signifi-
cantly upregulated LHPP mRNA and protein expression, leading to
suppressed phosphorylated Akt and decreased HCC cell proliferation
and migration in vitro. RAG7-133 formulated in in vivo jetPEI
demonstrated antigrowth effect in a HepG2 xenograft HCC model
and had synergistic effects in inhibiting tumor growth with target
anticancer drugs such as regorafenib. These findings suggest that
saRNA-induced activation of TSGs could be a promising therapeutic
approach for HCC treatment.

saRNA for combating cancer resistance

Recent progress in saRNA therapeutics has opened new avenues for
addressing drug resistance in cancer by reactivating silenced tumor
suppressor genes. Wang et al.”” investigated the role of protein tyro-
sine phosphatase receptor type O (PTPRO) in trastuzumab resistance
in HER2-positive breast cancer and explored the use of saRNA to re-
activate PTPRO and overcome this resistance. They found that
PTPRO downregulation correlates with trastuzumab resistance due
to increased activity of tyrosine kinases like ERBB2, ERBB3, and
SRC. They designed saRNAs targeting the PTPRO promoter, with
saPTPRO-220 demonstrating the most effective upregulation of
PTPRO expression in both trastuzumab-sensitive and resistant breast
cancer cell lines (BT474, SKBR3, BT474-HR20, and SKBR3-Pool2).
This PTPRO upregulation led to decreased phosphorylation of
ERBB3 and SRC, restoring sensitivity to trastuzumab. To enhance de-
livery and efficacy, the saRNA was encapsulated in trastuzumab-con-
jugated mesoporous silica nanoparticles (MSNPs). This targeted de-
livery system successfully increased PTPRO expression in tumor
cells in vitro and in vivo using a human cell-line-derived xenograft
model. The in vivo studies showed that the combination of saPT-
PRO-loaded nanoparticles and trastuzumab significantly inhibited
tumor growth. This research highlights the potential of saRNA tech-
nology, particularly when combined with targeted nanoparticle deliv-
ery, to reactivate tumor suppressor genes like PTPRO and overcome
drug resistance in cancer treatment, offering a novel approach to
“drugging the undruggable” phosphatases.
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CDH13, a tumor suppressor gene, is significantly downregulated in
several types of cancer due to hypermethylation of its promoter re-
gion.'”"'% Su et al. confirmed low CDH13 expression in chronic
myeloid leukemia (CML) cell lines and successfully designed saRNAs
(C2 and C3) to upregulate CDH13 expression in CML cells, which are
often resistant to standard treatments like imatinib.** These saRNAs
not only restored CDH13 expression but also significantly suppressed
tumor cell growth and enhanced the efficacy of imatinib by inhibiting
the NF-kB signaling pathway, leading to increased apoptosis in resis-
tant cells. The in vivo efficacy of the saRNAs was tested using a CML
xenograft mouse model. Treatment with CDH13-saRNA formulated
in lipid nanoparticles (LNPs) significantly inhibited tumor growth
and improved survival rates in mice, supporting the potential of
saRNA-based therapies in overcoming cancer drug resistance.

saRNA for nonmalignant diseases

Acute lung injury

Very recently, Zhang et al. demonstrated the potential of CEBPA-
saRNA therapy for acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS)."”” The authors developed an artificial
neutrophil delivery system (NHR) to efficiently deliver CEBPA-
saRNA to inflamed lungs. The CEBPA-saRNA was complexed with
H1 histone and coated with a neutrophil membrane to create NHR,
which exhibited effective cellular uptake by M1 macrophages and
induced M2 polarization, thus reducing inflammation. In a mouse
model of ALL, NHR accumulated in inflamed lung tissues and signif-
icantly improved lung injury, indicating its potential as a novel
saRNA-based therapeutic strategy for ALI/ARDS.

Proliferative vitreoretinopathy

Zhang et al."”® explored the use of saRNA to treat proliferative vitreor-
etinopathy (PVR), a condition that arises from excessive proliferation
of retinal pigment epithelial (RPE) cells after retinal detachment sur-
gery. The saRNA, RAG1-40-53, was designed to upregulate the p21
gene in RPE cells. In vitro, the saRNA successfully increased p21
expression, inhibiting RPE cell proliferation and migration. In a rabbit
PVR model, intravitreal administration of the saRNA led to reduced
progression of PVR by preventing fibrous membrane formation and
retinal detachment. The saRNA exhibited sustained presence in the vit-
reous humor with minimal systemic exposure, suggesting its potential
as a novel treatment for PVR and other fibrotic diseases.

Metabolic disorders

To explore the therapeutic potential of activating Sirtuin 1 (SIRT1)
using saRNA in treating metabolic syndrome (MetS)—a condition
marked by abdominal obesity, insulin resistance, hypertension, and
hyperlipidemia—Andrikakou et al.'” developed SIRT-PR57, a saRNA
that targets and upregulates SIRT1, a key metabolic regulator and
protector against aging-related pathologies, including MetS. The
saRNA significantly enhanced SIRT1 expression in both stimulated
and nonstimulated macrophages, resulting in a marked reduction
in inflammation. This was achieved by decreasing the levels of key
pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-
o, interleukin (IL)-1pB, IL-6, and chemokines. Additionally, SIRT1

activation led to the downregulation of crucial inflammatory
signaling pathways by reducing the phosphorylation of NF-kB and
c-Jun N-terminal kinase. In a high-fat diet model, animals treated
with SIRT1 saRNA showed improved metabolic health, with reduc-
tions in weight gain, white adipose tissue, triglycerides, fasting
glucose, and intracellular lipid accumulation—indicative of better
lipid and glucose metabolism. These findings suggest that SIRT1 acti-
vation via saRNA could offer a promising therapeutic strategy for
reversing MetS and addressing its related metabolic disturbances.

Very recently, Cai et al.'”” developed a novel tetrahedral frame-
work nucleic acid (tFNA) system that can effectively deliver
saRNA to upregulate SIRT1 gene expression and modulate the
bone immune microenvironment in diabetic osteoporosis. By acti-
vating the SIRT1/acetyl-NF-kB pathway, the saRNA promoted the
polarization of macrophages from the pro-inflammatory M1 to the
anti-inflammatory M2 phenotype, thereby restoring bone immune
homeostasis and facilitating osteogenesis in a high-glucose
environment.

Cardiovascular diseases

A study by Yang et al.''? identified the critical role of BII spectrin, a
cytoskeletal protein, in maintaining cardiac function by regulating
mitochondrial respiration and demonstrated that its targeted activa-
tion using saRNAs can mitigate mitochondrial respiratory dysfunc-
tion and improve cardiac performance. The researchers first
observed that PII spectrin is degraded in patients with acute
myocardial infarction (AMI) and in mice following ischemia/reper-
fusion (I/R) injury. Moreover, BII spectrin deficiency was shown to
result in cardiac dysfunction, hypertrophy, and fibrosis. Given the
challenges associated with traditional gene therapy for large proteins
like BII spectrin, the authors developed multiple saRNA constructs
targeting specific promoter regions of the BII spectrin gene. Among
these, saRNA-54 and saRNA-56 were identified as particularly effec-
tive in enhancing BII spectrin expression in cardiomyocytes. Using
adenoviral vectors, the saRNA constructs were delivered via intra-
myocardial injection. Both saRNA-54 and saRNA-56 significantly
alleviated I/R-induced cardiac contractile dysfunction, reduced
myocardial infarct size, increased resistance to myocardial
apoptosis, and improved mitochondrial function. This study pro-
vides a compelling proof of concept for targeted BII spectrin gene
activation and underscores the potential of saRNA-based therapies
for cardiovascular diseases.

saRNA THERAPEUTICS UNDER CLINICAL
DEVELOPMENT

Besides work from academic laboratories, a few biotech companies
are developing saRNA-based therapeutics for a variety of disorders,
including UK-based MiNA Therapeutics, China-based Ractigen
Therapeutics, and Finland-based RNatives, with saRNA pipeline pro-
grams targeting cancer, neuromuscular diseases, hepatic diseases,
ophthalmic diseases, hematology diseases, and cardiovascular dis-
eases. Among these, MTL-CEBPA and RAG-01 have entered phase
I/II clinical trials and phase I clinical trials, respectively.
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MTL-CEBPA

MTL-CEBPA was developed to upregulate C/EBP-q, a transcription
factor crucial for hepatic and myeloid functions and implicated in
oncogenesis. C/EBP-a. plays a key role in liver homeostasis, making
MTL-CEBPA a promising candidate for treating conditions like
cirrhosis and HCC, where C/EBP-a. is downregulated.m’112 MTL-
CEBPA progressed to a phase I open-label, dose-escalation trial in
adults with advanced HCC, including patients with cirrhosis or liver
metastases. In this trial, 38 participants received intravenous MTL-
CEBPA weekly over 3 weeks with a 1-week rest period between cycles.
The study, which tested doses ranging from 28 to 160 mg/m?, found
no dose-limiting toxicity, with an acceptable safety profile and no
maximum dose identified.”®

In terms of efficacy, one patient achieved a partial response lasting
over 2 years, and 12 others showed stable disease. Interestingly,
MTL-CEBPA displayed synergy with tyrosine kinase inhibitors
(TKIs), as several patients who received subsequent TKI treatment af-
ter discontinuing MTL-CEBPA demonstrated significant responses,
including complete and partial remissions. This prompted further
combination studies of MTL-CEBPA with sorafenib in HCC.'"
Additionally, MTL-CEBPA showed anti-inflammatory properties
by inhibiting the suppressive activity of myeloid cells rather than
directly targeting tumor cells. This led to its combination with the im-
mune checkpoint inhibitor pembrolizumab in ongoing phase I/Ib
trials.”> MTL-CEBPA’s clinical trials mark a milestone as the first
saRNA therapeutic to enter clinical development, highlighting the po-
tential of saRNA-based treatments for complex diseases like cancer,
particularly through targeted gene upregulation.

RAG-01

RAG-01 is a saRNA drug developed by Ractigen Therapeutics to treat
NMIBC, which accounts for 70%-75% of bladder cancers.''* Stan-
dard treatments for NMIBC include transurethral resection of the tu-
mor followed by intravesical chemotherapy or bacillus Calmette-
Guérin (BCG) instillations, yet the 5-year recurrence rate remains
high at 50%-70%. RAG-01 specifically targets and upregulates the tu-
mor suppressor gene p21, involved in processes like cell proliferation
inhibition, apoptosis, DNA repair, and senescence.' >116

Administered via intravesical instillation, RAG-01 utilizes Ractigen’s
proprietary lipid-conjugated oligonucleotide (LiCO) delivery tech-
nology, which effectively penetrates the glycosaminoglycan layer lin-
ing the bladder, delivering the saRNA directly to the urothelial cells.
This localized delivery ensures a high concentration of the drug in
the bladder, minimizing systemic exposure and potential side ef-
fects. Preclinical studies showed that RAG-01 significantly inhibited
bladder tumor growth in animal models and demonstrated good
safety.”’

RAG-01, the second saRNA drug to enter clinical trials after MTL-
CEBPA, received FDA approval for its Investigational New Drug
(IND) application and the Fast Track Designation and is currently
undergoing a phase I clinical trial in Australia for NMIBC. This trial
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is an open-label, multi-center study designed to assess RAG-01’s
safety, tolerability, pharmacokinetics, pharmacodynamics, and pre-
liminary efficacy in NMIBC patients who have failed BCG therapy
(NCT06351904). Initiated in December 2023, the trial has enrolled
and dosed six patients, with initial results indicating a favorable safety
profile after the first treatment cycle.''”"'® RAG-01 represents a
promising new approach to addressing high recurrence rates in
NMIBC through targeted gene upregulation.

DELIVERY STRATEGIES OF saRNA

To achieve high-efficiency drug delivery, chemical modification,
bioconjugation, and nanocarriers are critical approaches applied
in oligonucleotide drug development. A reliable delivery strategy
promises to improve tissue pharmacokinetics (PK) and increase
cell uptake and subsequent endosomal escape.””"'® Over the years,
there have been attempts at different strategies delivering saRNA
for therapeutic purposes (reviewed in Pandey, 2024 #116)."*° In
this section, we only discuss the delivery methods used for two
clinical stage saRNAs.

Delivery of CEBPA-saRNA

MTL-CEBPA, a well-studied clinical saRNA drug candidate for
HCC and other solid tumors,”>*>'*! is produced by formulating
the CEBPA-51 saRNA in liposomal nanoparticles called SMAR-
TICLES.'*> SMARTICLES is an amphoteric lipid system with a
charge reversible character: cationic lipid provides cationic charge
at a low pH, and anionic lipids are pH-sensitive and amphiphilic.'**
The same CEPBA-saRNA has been tested for treating pancreatic
ductal adenocarcinoma (PDAC). For delivery to the pancreas,
the saRNA was conjugated with the anti-hTfR RNA aptamer
(TR14)."** Intravenous administration of such saRNA conjugate
achieved inhibition of pancreatic tumors established in immuno-
compromised mice by injecting the tumor cell into the liver.
Another group'” developed tetrahedral framework nucleic acid
(tFNA)-based nanocarriers that were further functionalized with a
truncated transferrin receptor aptamer (tTR14) to enhance targeting
specificity for PDAC cells. They showed that i.v. administration of
CEBPA-saRNA formulated in the tTR14-decorated tFNA effectively
upregulated the expression of the CEBPA in xenograft PDAC tu-
mors and inhibited tumor growth.

Delivery of p21 saRNA

Another well-studied saRNA is dsP21-322, which targets the p21 pro-
moter at the —322 location." Initially, dsP21-322 formulated in lipi-
doid nanoparticles, a class of liposomal-like molecules prepared
with lipidoid 95N12-5(1), cholesterol, mPEG2000-C14, and saRNA
using a spontaneous vesicle formation formulation procedure, was
shown to inhibit xenograft prostate cancer growth via intratumoral
injection.”” Subsequently, dsP21-322 was formulated in ionizable
cationic liposomes (KC2 LNP) and administrated via intravesical
instillation to mice bearing orthotopic bladder cancer. Repeated in-
stillations caused significant inhibition of tumor growth or tumor
regression in the bladder."*


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

The clinical stage p21 saRNA RAG-01 is delivered using a proprietary
LiCO delivery system. This system features a lipid molecule conju-
gated to duplex RNA via a benzimidazole linker for intravesical

administration.'?’

CONCLUSIONS AND PERSPECTIVES

The field of RNAa has progressed significantly, offering a wealth of
opportunities both in basic research and clinical therapeutics. The
mechanisms underlying RNAa, facilitated by saRNAs and miRNAs,
have expanded our understanding of gene regulation, challenging
the traditional view that small RNAs function solely as gene si-
lencers. RNAa represents a powerful tool for gene upregulation,
with evolutionary conservation across a range of species, including
mammals and insects, indicating its fundamental biological
importance.

One of the most promising prospects for saRNA technology lies in
its therapeutic applications, particularly in the treatment of cancer,
genetic and metabolic disorders, and other chronic conditions.
saRNAs, such as MTL-CEBPA and RAG-01, have progressed
into clinical trials, underscoring their potential to upregulate crit-
ical tumor suppressor genes and enhance patient outcomes. These
saRNAs specifically target genes that are considered undruggable
by conventional therapeutic modalities at the transcriptional level,
offering a novel approach to treating diseases that have proved
challenging to manage with traditional methods. This innovative
strategy not only expands the therapeutic landscape but also holds
the promise of more effective interventions for previously intrac-
table conditions.

Despite these advancements, challenges remain. A clearer under-
standing of the nuclear import mechanisms of saRNAs and their in-
teractions with key proteins like AGO?2 is essential to fully harness
RNAa’s potential. Additionally, while RNAa has demonstrated prom-
ising results in early clinical trials, more research is needed to refine
saRNA delivery systems, ensuring that they are both safe and effective
in a broader range of diseases. Continued exploration of mi-RNAa’s
role in cellular processes will deepen our understanding of gene regu-
lation and facilitate the development of new therapeutics. As research
progresses, RN Aa stands poised to transform molecular medicine, of-
fering innovative solutions to some of the most pressing challenges in
healthcare.
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