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Abstract

Metastasis is the main cause of failure in anticancer therapies, and is frequently related to
poor prognosis for patients. The true challenge in extending cancer patient life expectancy,
eventually managing cancer as a chronic disease with periodic but controllable relapses,
relies on the development of effective therapeutic strategies specifically targeting key
mechanisms involved in the metastatic cascade. Traditional chemotherapy with alkylating
agents, microtubule inhibitors, and antimetabolites has shown limited efficacy against
metastatic cells, largely due to the emergence of chemoresistant populations that undergo
epithelial-to-mesenchymal transition (EMT), promoting the colonization of distant organs
and sustaining metastatic progression. This scenario has spurred significant efforts to
identify small molecules and biologics capable of interfering with specific steps in the
metastatic process. In this review, we provide an overview of recent advances involving
small interfering RNAs (siRNAs) and microRNAs (miRNAs) in cancer therapy. Although
most of these agents are still under investigation and have not yet been approved for
clinical use, insights into their development stage offer valuable information to identify
new targets in the ongoing fight against metastasis. Particular emphasis is placed on the
role of chemical modifications applied to siRNAs, such as backbone, sugar, terminal, base,
and conjugation changes, and how these factors influence their stability, immunogenicity,
and targeting precision. By integrating these aspects into the discussion, this review
provides a focused and up-to-date resource for researchers in medicinal chemistry, drug
delivery, and pharmaceutical formulation, where molecular design plays a critical role in
therapeutic success.
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1. Introduction
mRNA technology, together with innovative drug delivery solutions, has opened

new pathways in pharmacological research; mRNA’s role in vaccine design, targeting
either viral or tumor antigens, is continually gaining prominence. Alongside these trends,
the possibility of modulating gene expression from within the cell, by regulating RNA
translation and editing, has always attracted scientists from various fields, including
clinical research. The finding that mRNA expression can be modulated by micro RNAs
(miRNAs), with profound implications on post-transcriptional regulation and eventually
gene expression, suggested the idea that this way of modulating gene and oncogene
expression could be exploited as a therapeutic strategy. This strategy can be considered
the opposite side of the therapeutic design aimed at blocking proteins, e.g., receptors or
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enzymes, by using chemical or biological agents: in this latter case, in fact, the gene product,
after translation and post-translational modifications, is inhibited in its cellular functions by
small molecules or antibodies. The discovery of miRNAs suggested that the target protein
could be inhibited by selectively blocking its synthesis using synthetic, targeted RNAs
named short interfering RNAs (siRNAs) or by directly targeting miRNAs, making other
agents virtually unnecessary, with evident advantages under the side effect profile.

The functions of miRNAs, indeed, appear to be complex; miRNAs bind to target
mRNAs, generating a double-strand RNA that cannot undergo the following translation
process, eventually resulting in the degradation or inhibition of the target mRNA. The
functions of miRNAs are complex, since a single miRNA can bind to and regulate a wide
range of mRNAs, and entire cellular pathways can be modulated by a specific miRNA. This
modulation can lead to relevant biological outcomes and deeply influence the cell’s fate.
For this reason, miRNAs immediately appeared to be a potential pharmacological tool, and
the importance of these fine intracellular regulators was recognized by the awarding of the
2024 Nobel Prize in Physiology or Medicine to Victor Ambros and Gary Ruvkun, who first
identified and described them.

2. Micro RNAs (miRNA)
miRNAs are typically located in the introns or exons of non-coding RNA sequences,

or can be found in the introns of pre-mRNAs [1]. miRNAs are generally transcribed by
RNA polymerase II (Pol II) as primary transcripts, called pri-miRNAs, which are long
sequences containing stem-loop structures composed of approximately 70 nucleotides
each [2]. Once in the cell nucleus, pri-miRNAs are cleaved by the Drosha/DGCR8 complex
into precursor miRNAs (pre-miRNAs), which retain their characteristic hairpin structure [2].
The pre-miRNAs are then translocated into the cytoplasm by a family of proteins known as
Exportins, and subsequently bound and cleaved, near the loop, by ribonuclease III Dicer to
form a mature miRNA duplex of about 22 nucleotides in length [2]. This latter small double-
stranded RNA (dsRNA) is finally loaded into the Argonaute 2 (Ago2) protein and then the
guide strand is selected and charged into the RNA-induced silencing complex (RISC) along
with the Ago protein [3]. While the passenger strand is unwound, released, and degraded
by the Ago, the seed region of the guide strand, comprising the first nucleotides from its
5′ end, binds to the complementary 3′ untranslated region (3′ UTR) of target mRNAs [3],
leading to the regulation of gene expression through mRNA cleavage, degradation, and/or
translational repression [4]. However, either strand can be loaded into RISC; arm switching
may occur due to regulatory factors that remodel the miRNA duplex or influence Ago
protein strand-loading preferences in a context-dependent manner. Such factors may
induce conformational changes in Argonaute or, as in the case of DNA damage observed
in cancer, alter strand preference and selection. Nevertheless, Ago2 usually prefers the
strand with a 5′ uracil that originates from the less stable end of the duplex, which typically
corresponds to the antisense strand [5].

In fact, this regulatory mechanism is crucial for maintaining normal cellular functions,
and the dysregulation of miRNAs is implicated in a wide range of diseases, including
cancers. Some miRNAs, called oncomiRs, are overexpressed in tumors and promote cancer
progression and metastasis by repressing tumor-suppressor genes. For example, the miR-
17-92 cluster and miR-21 are frequently upregulated in various cancers such as lung, colon,
breast, and ovarian cancers, where they target mRNAs coding key tumor suppressors like
PTEN and PDCD4, enhancing tumor growth and drug resistance [6,7]. Conversely, some
others function as tumor-suppressor miRNAs (TS-miRNAs), and their downregulation can
lift inhibitory constraints on tumor progression. Members of the let-7 family, miR-29, and
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miR-34 are well-characterized TS-miRNAs, and their loss correlates with poor prognosis in
cancers, including lung, breast, and pancreatic tumors [6,7].

Therefore, an innovative therapeutic approach involves the combined administration
of anti-miRNAs, designed to specifically bind and neutralize aberrantly overexpressed
oncomiRs, and miRNA mimics, aimed at restoring the activity of tumor-suppressor miR-
NAs [8]. Indeed, in a murine model of hepatocellular carcinoma (HCC), the combination
of miR-122 mimic and anti-miR-221 reduced tumor growth much more effectively than
the administration of either molecule alone [9]. This represents a promising alternative to
traditional therapies for HCC and, potentially, for other solid tumors.

3. Short Interfering RNAs (siRNAs)
siRNAs, also known as short interfering RNAs, are a type of non-coding double-

stranded RNAs of 20–23 nucleotide base pairs in length that act by interfering with the
expression of the specific gene having short stretches complementary to sequences to target
mRNA [10]. siRNAs are similar to endogenous microRNAs (miRNAs) in terms of functions,
except that microRNAs can regulate the expression of hundreds of genes via imperfect
base-pairing whereas siRNAs bind more specifically to the single mRNA at a particular
location. The significant and peculiar difference between these two non-coding RNAs is
that the miRNA has multiple targets, whereas siRNA has only one specific mRNA target
(Figure 1).

Figure 1. miRNA and siRNA: biogenesis and targets. Endogenous miRNAs target and regulate
multiple mRNA expressions due to their loop structures, whereas synthetic siRNAs specifically target
and regulate single mRNA expression.
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The great advantage of siRNA as a drug therapy platform, compared with other
conventional drugs, such as small molecules or antibodies, relies on their capability to
be taken up by target cells, processed by the RNA-induced silencing complex (RISC) to
release single-strand RNA (ssRNA) that, in turn, degrades its complementary mRNA,
thereby blocking the translation of the target protein [11,12]. The intrinsic structure of
non-modified naked siRNA therapeutics, together with the hurdle to overcome systemic
delivery issues, poses some critical and important challenges regarding their bioavailability
(such as serum stability), off-target effects, and ability to trigger an immunogenic unwanted
response [13]. Efforts to cope with these challenges identified two founding pillars required
for a successful siRNA drug therapy. The first pillar relies on the modification of the
structure of siRNAs to limit their degradation, increasing their stability and at the same
time improving their binding affinity toward target mRNAs [14].

The second pillar relies on the design of delivery systems to enhance the amount of
siRNA that enters the target cell [15]. Indeed, naked siRNAs are polar and poor lipophilic
compounds that do not cross cell membranes, thus requiring a lipophilic “shuttle” system
to enhance their entrance and subsequent bioavailability inside cells.

3.1. Beyond Native siRNA: A Chemical Optimization Guide

In recent years, siRNAs have undergone a broad range of structural modifications
aimed at enhancing their biopharmaceutical properties (Figure 2). Several studies have
focused on the simultaneous substitution of chemically modified monomers or functional
groups to evaluate their effects on siRNA activity and cytotoxicity. The main objective of
these modifications is to overcome the limitations of unmodified siRNAs without compro-
mising their activity [16] and, ultimately, to ensure that they achieve optimal performance
in vivo, where stability, distribution, immunogenicity and on-target efficacy are critical [17].

3.1.1. Termini Modifications

The addition of a phosphate group at the 5′ end of the siRNA guide strand is essential
for recognition by Ago2 and processing by RISC machinery that mediates siRNA unwinding
and target mRNA pairing. In fact, the 5′ phosphate is arguably the most critical structural
element for strand selection and Ago2 loading. Once in the cell, siRNAs are dynamically
regulated by Clp1 kinase and phosphatases, which maintain a balance between the 5′

phosphorylated and dephosphorylated (hydroxyl-terminated) ends [18]. Modifications at
the 5′ terminus can influence the activity of these enzymes by altering the phosphorylation
status and, consequently, the likelihood of a guide strand being incorporated into the
RISC complex. On the other hand, such modifications may also lead to recognition by
phosphorylases, potentially resulting in decreased stability and reduced gene silencing
efficacy [18]. So, caution is warranted when using extensively modified siRNAs. To
overcome these limitations, non-hydrolysable 5′ phosphate analogues have been developed,
most notably the 5′-(E)-vinyl-phosphonate group (VP) [19]. These analogues mimic the
natural phosphate moiety while resisting enzymatic hydrolysis, allowing it to stably occupy
the deep 5′ phosphate-binding pocket of Ago2 [18,19] and improving metabolic stability.
According to a 2016 study by Jadhav [20], siRNA modified with 5′-E-VP exhibited up to
a 20-fold increase in potency in vitro and a 3-fold increase in RNA interference (RNAi)
activity in vivo in a mouse model targeting apolipoprotein B (ApoB). Moreover, a recent
update [21] showed that modification at the 6′ position of the vinyl-phosphonate (6′-VP)
on the siRNA antisense strand can further enhance RNAi activity. Unlike 5′-VP, where
only the E isomer is effective, both E and Z isomers of 6′-VP increase siRNA potency. This
modification bypasses the strict stereochemical constraints of the 5′ position, enabling the
broader application of VP isomers in siRNA design.
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Figure 2. Schematic representation of the most common types of siRNA modifications. siRNAs are
typically optimized at the antisense (guide) strand to enhance RNA interference. However, certain
chemical modifications can also be applied to the sense (passenger) strand to prevent its incorporation
into the RISC machinery, improve stability, or reduce off-target effects.
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3.1.2. Backbone Modifications

The stability and in vivo bioavailability of siRNAs can be improved by replacing the
standard phosphodiester linkage with boron, sulfur, or acetate, thus forming boranophos-
phate, phosphorothioate (PS), and phosphonoacetate linkages, respectively. The presence
of these exogenous linkages enhances the resistance of siRNAs to both 5′ and 3′ exonuclease
hydrolysis and increases their binding affinity to plasma proteins, resulting in a prolonged
siRNA half-life in circulation [12], reduced renal clearance, and increased hepatic accumu-
lation [22]. These properties are particularly advantageous for liver-targeted delivery. The
liver displays unique features that make the accumulation and internalization of siRNAs
easier. For instance, it is one of the most vascularized organs and highly expresses specific
receptors, such as the asialoglycoprotein receptor (ASGP-R), which can be targeted by
triantennary N-acetylgalactosamine (GalNAc)-conjugated siRNAs [23]. Otherwise, more
strategies are required to overcome hepatic entrapment and enable effective accumulation
in extrahepatic tissues, such as solid tumors [24]. In this regard, a new modification called
extended nucleic acid (exNA) has recently been developed in combination with the PS
backbone, involving the insertion of a methylene group between the 5′ carbon and the 5′

hydroxyl group of a nucleoside, and subsequently applied to siRNA. The synergic action
of the exNA–PS backbone combination has been able to significantly increase resistance to
exonucleases, up to 32 times more than the PS backbone alone, thus enhancing stability,
accumulation, and, in turn, siRNA efficacy in vivo [25]. Another strategy involves the
temporary replacement of phosphodiester backbone with phosphotriester group. This
modification enhances the cellular uptake of siRNAs by neutralizing their negative charge,
generating small interfering ribonucleic neutrals (siRNNs) that are then converted into
native charged phosphodiester-backbone siRNAs by the action of cytoplasmic esterases.
It also increases their half-life in circulation and strengthens RNA interference [26]. An
example is the siRNN targeting Polo-like kinase 1 (Plk1), which is highly overexpressed in
pediatric patients with B-cell acute lymphoblastic leukemia (B-ALL). The target specificity
of the siRNA, developed as an RNAi prodrug, enabled the effective suppression of Plk1
mRNA and protein levels while minimizing off-target effects [27].

3.1.3. Sugar Modifications

The 2′-hydroxy group of the ribose sugar can be replaced by less nucleophilic moieties
to gain 2′-O-methyl (O-Me), 2′-O-methoxyethyl (MOE) and 2′-fluoro (F) derivatives. The
main objective of these modifications is to prevent 2′-OH-mediated hydrolysis, thereby
increasing resistance to endonucleases while preserving the C3′-endo ribose conformation,
which is essential for RISC recognition and thermal stability of siRNA duplex [28]. Indeed,
a major advantage of sugar modifications compared with backbone modifications is their
inability to affect siRNA recognition by RISC. In addition, replacing the 2′-OH group is
essential for preventing innate immune activation [29,30]. The effect of the 2′-modification
can be further improved by adding a 4′-modification. The most potent sugar modification
thus involves a combination of 2′ and 4′substitutions, placed at internal or terminal posi-
tions of the guide strand or the duplex, yielding a 2′,4′-dual modification [31]. Currently,
several combinations have been tested in vitro on cancer cells to evaluate their RNAi activ-
ity, for an eventual translation in in vivo anticancer therapy. For instance, siRNA targeting
the downregulated in renal cell carcinoma (DRR) gene, modified with 2′-F and 4′-OMe at
the overhangs, exhibited excellent activity (IC50 ~ 4 nM) under the tested conditions [31].
2′-OMe-4′-thioRNA targeting the proto-oncogene serine/threonine protein kinase (RAF-1)
was 5-fold more potent than unmodified siRNA after 6 days of silencing (IC50 118 nM) [32].
Moreover, the sugar ring can also be extensively modified. Bridged nucleic acids (BNAs),
in which a methylene or ethylene bridge links the 2′-oxygen and the 4′-carbon of the



Int. J. Mol. Sci. 2025, 26, 8703 7 of 21

ribose, constrain the sugar conformation and give rise to locked nucleic acids (LNAs) and
ethylene-bridged nucleic acids (ENAs), respectively. The use of locked sugar modifications
in siRNAs leads to increased thermal and nuclease stability, resulting in enhanced binding
affinity for the target mRNA. However, these modifications are highly position-sensitive.
While many LNA insertions are well-tolerated, modifications near the RNA cleavage site
markedly reduce silencing activity, likely due to conformational or functional effects on the
RISC complex [33]. In contrast, LNA at the 5′ end of the sense strand promotes preferential
antisense strand loading, thereby reducing sequence-related off-target effects [33,34].

3.1.4. Base Modifications

Immune cells can distinguish foreign synthetic siRNAs from endogenous ones be-
cause synthetic siRNAs often lack naturally occurring chemical modifications, such as
2′-O-methylation or base methylation, that help endogenous RNAs to evade innate im-
mune sensors in mammalian cells. This recognition is predominantly mediated through
the activation of toll-like receptor (TLR) pathways and can lead to undesirable side ef-
fects due to the significant toxicities associated with excessive pro-inflammatory cytokines
release [35]. The immune response is triggered by the presence of the 2′-OH group on
the ribose, and by the siRNA sequence itself. Therefore, base substitutions with modified
nucleotides are a potential tool to mask exogenous siRNAs from the immune system [29].
Natural nucleobase analogues include, for instance, pseudouridine, 5-methylcytidine, N6-
methyladenosine, inosine, and N7-methylguanosine. Modifications near the 5′ end of the
guide strand seem particularly useful, especially in sequences rich in adenosine, which is
known to be immunostimulatory [29]. However, there are currently not many significant
examples of base substitution in the design of siRNAs compared with other, more common
modifications. N6-methyladenosine (m6A) modification has been tested in combination
with sugar modifications to be effective in silencing F7 gene (coagulation factor VII) in
HuH7 human hepatocarcinoma cells [36]. Moreover, the use of base modifications raises
safety concerns, particularly for unnatural nucleobase analogues such as N-ethylpiperidine
7-ethynyl-8-aza-7-deazaadenosine triazole (NEP7EAA). These compounds are incorporated
into synthetic oligonucleotides and must be safely metabolized by the human body [37].
Another class of base modification involves abasic mimics, which lack nucleobases entirely.
This strategy replaces a nucleotide in the guide strand, specifically at the pivot position
(AS6), with an abasic spacer. By preventing base pairing at this critical site, abasic substitu-
tions effectively eliminate miRNA-like off-target effects in vivo, while preserving robust
on-target gene silencing [38]. Unlike other base modifications, abasic substitutions do not
trigger TLR-mediated innate immune responses [38].

3.1.5. Lipid Conjugation

The conjugation of lipids to the 5′ or 3′ termini of siRNA enhances their binding to
serum proteins and promotes cellular uptake, thereby enabling carrier-free delivery and
improving tissue distribution, and overall in vivo bioavailability. Specifically, conjugation
with lipids, such as cholesterol, diacyl lipid and vitamin E, significantly increases siRNA
uptake in several tissues upon intravenous injection. The high affinity for serum proteins,
such as albumin or lipoproteins (LDL/HDL), prolongs siRNA circulation time and slows
its distribution. This facilitates tissue-specific internalization via recognition by cell sur-
face receptors (e.g., LDLR, SR-B1, especially for targeting the liver), membrane fusion,
or endocytosis, and protects siRNA from renal filtration, thereby leading to more tumor
penetration [39]. Several siRNAs are cholesterol-conjugated (Ch-siRNAs), one example of
them for anticancer therapy is the anti-MDR1 siRNA (Ch-siMDR), designed by binding
cholesterol via a linker and incorporating a 2′-O-methyl modification to prevent enzymatic
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degradation. This siRNA silences P-glycoprotein expression and restores vinblastine sensi-
tivity in breast cancer models in vitro and in vivo [40]. Furthermore, a diacyl lipid modified
siRNA (siRNA-L2) was tested for triple negative breast cancer in vitro and in vivo. By
leveraging albumin as an endogenous carrier, the bioavailability of siRNA is significantly
increased compared with that of unmodified siRNA, and the tumor-to-liver accumulation
ratio is markedly more favorable compared with siRNA delivered with traditional nanopar-
ticles [39]. Lipid conjugation is particularly advantageous for liver targeting. The strong
lipophilic nature of vitamin E has been exploited to design α-tocopherol-bound modified
siRNAs (Toc-siRNAs), harnessing its physiological pathways, such as incorporation into
lipoprotein, for the targeted delivery to apolipoprotein B (apoB) in liver cancer [41].

3.1.6. Bioconjugations

Bioconjugation has recently emerged as one of the most innovative and promising
approaches to bypass hurdles and problems associated with direct chemical modifications
of siRNAs [42]. The principle of this approach relies on the formation of a covalent
binding between siRNA and a variety of other biogenic molecules, such as antibodies,
aptamers, carbohydrates, lipophilic derivatives, oligonucleotides, peptides, and polymers.
Bioconjugates display several advantages over classical non-conjugated nanosystems such
as lipid nanoparticles, polymeric nanoparticles, metallic core nanoparticles, dendrimers,
and polymeric micelles. Indeed, siRNA-bioconjugate complexes could be assembled
without a positive charge, avoiding the need for cationic carriers to neutralize the siRNA’s
negative backbone. They are less immunogenic due to their small size, and furthermore,
the chemical nature of the linkage (e.g., cleavable or photosensitive bonds) between siRNA
and its cognate bioconjugate can be tailored to modulate stability, efficiency, accumulation,
and resistance to RNase. Examples of siRNA bioconjugates with peptide or protein ligands
include those designed to target receptors that are highly overexpressed in cancer, such as
CD47, PD-L1, and EGFR. These ligands guide the siRNA to cancer cells through receptor-
mediated recognition and internalization. Once inside the cytoplasm, the siRNA silences
the mRNA encoding the same receptor, thereby reducing its expression and enhancing
therapeutic efficacy. Successful in vitro results were obtained in various cancer cell lines [43],
with the aim of translating these findings into in vivo models. However, the main limitation
of siRNA bioconjugate is related to the lack of specificity of the various conjugated chemical
moieties, which can hamper the recognition of specific targets on the membranes of recipient
cells. Although this drawback may not be critical when high delivery selectivity is not
required and accumulation in non-target cells does not cause side effects, future studies are
essential to understand the interaction between conjugates and target surface molecules.
Such studies will be crucial to boost the clinical application of siRNA bioconjugates.

3.2. siRNA Delivery

siRNA delivery systems can be roughly divided into two big families: i. delivery
systems developed using a biotechnological approach, which involve the use of both viral
vectors and non-viral platforms, such as small extracellular vesicles (EVs); and ii. delivery
systems developed using a nanotechnological approach, which include nanoparticles,
liposomes, and other nanosystems (Figure 3).
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Figure 3. Illustration of delivery systems based on biotechnological and nanotechnological approaches
and their main cellular entry mechanisms. These platforms act as “shuttle” systems to enhance uptake
and intracellular release via endocytosis or membrane fusion. The main objective is to achieve siRNA
internalization and silencing of its target mRNA.

3.2.1. Biotechnological Approach

Viral vectors display optimal properties as siRNA delivery systems: they combine
high transfection efficiency with the ability to specifically target sensitive cells that may
not tolerate the harsh conditions associated with other delivery methods (e.g., cationic
lipids, electroporation) [15]. However, the implementation of siRNA incapsulated in viral
vectors is a rather expensive and complex procedure that necessitates trained staff with
good skills in molecular biology and virology. In addition, safety concerns in terms of
the ability to induce dangerous mutations or unwanted incorporation of viral genes into
the host DNA [44], together with the risk of triggering immunogenic and inflammatory
processes, have slowed attempts to set up the production of safe vectors for human use.
These limitations have therefore shifted efforts in this field toward the development of
non-viral delivery systems, mainly extracellular vesicle (EV)-based systems.

Extracellular vesicles (EVs) are cell-secreted particles that differ in size, shape, content,
biogenesis, and structure, and are principally subclassified into exosomes (EXs), microvesi-
cles, and apoptotic bodies, ordered from the smallest to the largest [45]. EVs are currently
one of the most investigated shuttle systems due to their potential to be easily loaded
with small-molecule cargos combined with their supposed ability to be selectively and
specifically taken up by different cell types. Notably, the selective uptake of EVs by target
cells could be further fine-tuned by functional modification of the molecules expressed on
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the EVs membrane that are supposed to interact with their cognate counterparts present
on the membranes of target cells. A notable example of chemical surface modification
of exosomes involves a membrane engineering strategy using donor cells [46]. In this
approach, donor cells are exposed to DSPE-PEG-RGD, a phospholipid–RGD conjugate that
spontaneously embeds in the plasma membrane and is subsequently incorporated into
the exosome membrane. The resulting RGD-functionalized exosomes exhibit enhanced
cellular uptake via receptor-mediated endocytosis through αvβ3 integrin, which is highly
expressed on angiogenic endothelial and tumor cells. Another strategy involves using
HEK293F cells genetically engineered to overexpress the integrin subunits ITGAL and
ITGB2, which combine to form the LFA-1 receptor on the surface of released EVs. This
surface modification enables selective binding and internalization by endothelial cells
that highly express ICAM-1, an adhesion molecule upregulated during inflammation [47].
Alternatively, a recent cell donor-free strategy relying on enzymatic glycoengineering en-
ables the chemical functionalization of exosomes by incorporating azido-sialic acids into
their surface glycans. These azido groups serve as versatile chemical handles for ligand
attachment via click chemistry, allowing efficient and customizable targeting of specific
cells [48].

Generally, engineered exosomes offer several advantages for enhancing the cytosolic
delivery of siRNA molecules, which must interact with the RISC complex to achieve
effective gene silencing. Exosomes derived from human liver cancer cells (HepG2) are
naturally enriched in membrane cholesterol. This feature has recently been studied for
its ability to improve exosome uptake by cancer cells via membrane fusion rather than
endocytosis, thereby bypassing endolysosomal entrapment and optimizing transportation
efficiency. Building on this natural property, cholesterol-enriched milk-derived exosomes
(e.g., 30%Chol-MEs) loaded with siPLK1 have effectively suppressed tumor growth in
subcutaneous HCT116 colorectal cancer-bearing mice, without inducing organ toxicity and
eliciting a strong immune response [49].

The discovery that cancer-derived exosomes preferentially target distant organs
prompted researchers to pursue this strategy in animal models of cancers with high
metastatic potential. Autologous serum-derived exosomes, obtained from mice injected
with melanoma cells, loaded with siRNA directed against the heparan sulfate proteogly-
cans Glypica-3 (GPC3), significantly reduced the spread of tumor cells as assessed by the
number of metastatic lung colonies [50].

Surface engineering of autologous exosomes represents a promising strategy to im-
prove their selective targeting capacity for siRNA delivery. Among recent approaches, the
development of CBSA/siS100A4-exosomes has shown notable potential. CBSA/siS100A4-
exosomes are membrane-coated lipid nanoparticles (LNPs) incorporating cationic bovine
serum albumin (CBSA) complexed with siRNA targeting S100A4. This biomimetic system
enhances siRNA protection from degradation and improves biocompatibility compared
with conventional conjugated LNPs, leading to more efficient silencing of the metastasis-
associated protein S100A4 and reduced proliferation of triple-negative breast cancer (TNBC)
cells [51].

Another example of biomimetic engineering involves apoA1-bExo, an exosome func-
tionalized with the tumor-targeting apolipoprotein A1 (apoA1), used to deliver siRNA
targeting neutral sphingomyelinase 2 (nSMase2), an enzyme implicated in exosomal PD-L1
secretion. Inhibiting this pathway is critical for restoring T cell function and enhancing the
efficacy of immune checkpoint blockade therapies, potentially limiting tumor progression
and resistance. In a HepG2 tumor-bearing humanized mouse model, apoA1-bExo enabled
improved tumor selectivity and cellular uptake via the scavenger receptor class B type
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1 (SR-B1), facilitating efficient cytosolic delivery of siRNA through an apoA1-mediated
selective uptake mechanism [52].

Exosome-based siRNA delivery has also been employed to silence non-canonical long
non-coding RNA (lncRNA) involved in the progression of TNBC [53]. Specifically, the
overexpression of lncRNA DARS-AS1 modulates the migration and invasion of TNBC
tumors by inhibiting miR-129-2-3p via upregulation of the CDK1 kinase. Treatment with
exosomes loaded with siRNA targeting DARS-AS1 substantially reduced TNBC cell growth
and liver metastasis, thus confirming that siRNA-loaded exosomes represent a promising
tool in contrasting highly metastatic tumors.

3.2.2. Nanotechnological Approach

Polymeric nanoparticles, metallic core nanoparticles, dendrimers, and polymeric mi-
celles have been extensively exploited in recent years and are currently under investigation
as promising delivery systems. Indeed, these non-liposomal siRNA nanocarriers are quite
stable, and their surface can be easily chemically modified to increase their transport
and target efficiency. A wide array of biocompatible and non-toxic materials, including
natural polymers such as chitosan and cyclodextrin, as well as synthetic polymers like
polyethyleneimine (PEI) and polylactic-co-glycolic acid (PLGA), have been successfully
tested and proven to be safe and efficient in encapsulating nanoparticles for siRNA de-
livery [54,55], while also offering advantages in terms of pharmacokinetics. In a recent
study, a combination of poly (ethylene glycol)-b-poly (D,L-lactide) (mPEG-b-PLGA) and
cationic lipids (iCLAN) was used to encapsulate siRNA achieving over 95% siRNA loading
efficiency. iCLAN nanoparticles carrying siCD47 triggered a strong immune response that
suppressed melanoma tumor growth by blocking a critical immune checkpoint, thereby
highlighting the use of nanoparticles in cancer immunotherapy [56]. In another appealing
perspective, chitosan-based nanoparticles have demonstrated good mucoadhesive proper-
ties and the ability to cross biological barriers, such as the blood–brain barrier (BBB), making
them appealing candidates for targeting delivery to brain tumors or for the treatment of
neurodegenerative diseases [55].

Unfortunately, the downside of nanocarriers lies in the complexity of their design,
which requires the careful selection and combination of suitable materials, as well as the
necessary chemical modifications to obtain a reliable and efficient delivery system.

Lipid nanoparticles (LNPs) are widely used and clinically validated systems for siRNA
delivery. Their lipid envelope protects siRNA from nuclease cleavage, thus enabling the
therapeutic cargo to reach specific organs or cellular targets.

Depending on their charge properties, siRNA-binding lipids could also be classified
into three main classes: cationic, neutral, and ionizable LNPs [57,58].

Both ionizable and cationic LNPs can interact with circulating lipids and plasma
proteins, which often results in preferential accumulation in hepatocytes or retention in
the endosome and lysosome compartments. A remarkable example is Patisiran: this is
a clinically approved RNA interference (RNAi) therapeutic that uses (LNPs) containing
the ionizable lipid DLin-MC3-DMA to deliver siRNA targeting transthyretin (TTR) for the
treatment of hereditary ATTR amyloidosis [59]. Those lipids exhibit a positive charge under
acid conditions, and a neutral charge under physiological pH conditions. This characteristic
confers protection against degradation, enhances cellular uptake, and enables specific
downregulation of gene expression [59]. An interesting aspect is the ability of LNPs to cross
the BBB: in addition to delivering specific siRNAs, they offer a significant advantage due to
their high loading capacity, which enables therapeutic effects, even with a minimal fraction
of siRNA reaching the brain. Preclinical studies have demonstrated the effectiveness of
LNPs in delivering siRNA or mRNA to neuronal cells, reducing the expression of NMDA
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receptors [60] or showing therapeutic potential for neurodegenerative diseases such as
Friedreich’s ataxia [61]. Furthermore, an interesting perspective is that the passage of
cationic LNPs carrying specific siRNAs across the BBB could be achieved through intranasal
administration, thereby avoiding systemic or intrathecal delivery. Indeed, cationic LNPs
show some drawbacks that could make them less favorable for therapeutic applications,
because of their higher toxicity and lower potency, mainly attributable to their higher
nonspecific binding with plasma proteins and their ability to trigger immunogenic reactions.
These unwanted properties have spurred efforts, both in the private sector and within
public research institutions, to synthesize novel ionizable LNPs with improved safety
profiles and optimized biodistribution, specifically designed to avoid hepatic accumulation.
These considerations are particularly relevant when siRNA-LNPs are employed as a shuttle
for antitumoral agents, where stringent selectivity is required to effectively target cancer
cells while sparing healthy tissues.

Attempts to overcome these limitations involved the modification of LNPs’ surfaces
with chemical moieties that could target molecules expressed on tumor cell outer mem-
branes, in the tumor extracellular matrix (ECM), or in other non-tumor cell types located
in the tumor microenvironment (TME), such as endothelial cells or tumor-associated
macrophages (TAMs).

The most employed and screened tumor-targeting moieties that facilitate siRNA-
loaded LNP accumulation in cancer cells include aptamers or other small molecules
(hyaluronan or folate), short peptides (RGD-based peptides or octreotide), and large pro-
teins or antibodies (transferrin) [62].

Liposomal nanoparticle (NP) platforms have been extensively investigated for siRNA
delivery in cancer therapy, given their ability to suppress tumor cell proliferation and
metastatic dissemination. Notably, PEGylated liposomal NPs incorporating carrier DNA
and polycationic peptides enabled the co-delivery of siRNAs targeting MDM2, c-Myc, and
VEGF in a murine lung cancer model, resulting in a marked inhibition of metastasis with
minimal systemic immunotoxicity or off-target effects [63].

Additional strategies have focused on the use of liposomes loaded with siRNAs and
surface-functionalized to target multiple signal transduction pathways involved in can-
cer cell metastasis. In metastatic breast cancer (MBC), C-X-C chemokine receptor type
4 (CXCR4) and lipocalin-2 (Lcn2) are critical mediators of cell migration. Liposomes
con-jugated with anti-CXCR4 antibodies and loaded with siRNA against Lcn2 have demon-
strated a synergistic inhibitory effect on cell migration in triple-negative human breast
cancer cells [64].

A similar strategy exploits the chemical modifications of the surface of LNP with
short peptides or chemical residues that are recognized by target cells, such as peptides
incorporating the RGD sequence that binds several members of the integrin family over-
expressed in a wide variety of cancer cells. An anti-angiogenic siRNA encapsulated in an
RGD peptide-modified lipid nanoparticle (RGD-LNP) elicited a significant reduction in
vascular permeability in a lung-metastasized animal model [65]. Notably, the cumulative
anti-angiogenic effect induced by RGD-LNP in the metastasized lung was higher when
compared with the analogous PEG-LNP, thus strongly indicating that this approach could
be further refined to enhance the target specificity and cell permeability of surface modified
LNP in the treatment of metastatic cancers.

The advantages of surface-modified lipid nanoparticles (LNPs) over non-modified
formulations have been further demonstrated in a lung metastasis model [66]. In this study,
self-assembling LNPs composed of an amphiphilic low-molecular-weight heparinursolic
acid conjugate were encapsulated in PEG-lipids functionalized with anisamide, a ligand
targeting the sigma receptor, which is overexpressed in metastatic lung tissue. siRNA-
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loaded, anisamide-targeted LNPs exhibited significantly enhanced gene silencing activity
compared with both non-PEGylated and PEGylated untargeted controls. Moreover, confo-
cal microscopy revealed that, unlike untargeted formulations, targeted LNPs preferentially
accumulated in lung metastases with minimal off-target distribution.

The conjugation with an antibody recognizing an antigen on the surface of the target
cell is another strategy for selective uptake into cancer cells. Antibody-conjugated meso-
porous silica nanoparticles (MSNPs) coated with cross-linked PEI/PEG polymers were
loaded with polo-like kinase 1 siRNA (siPLK1) and tested in an animal model of highly
metastatic triple-negative breast cancer (TNBC) [67]. The authors reported that MSNPs
inhibit cancer cell invasion via ROS- and NOX4-dependent mechanisms, reduce by 80%
the level of PLK1 mRNA in metastatic breast cancer cells of mouse lungs, and increase the
overall survival of treated animals.

The encapsulation of siRNA into synthetic nanoparticles (SNs) composed of PEG–
polylactide copolymers has emerged as a promising strategy to enhance the efficacy of
cancer therapies in combination with conventional anticancer agents. In a series of well-
designed in vitro and in vivo experiments using a human pancreatic cancer model, the
coadministration of siRNA-loaded SNs with arsenic-encapsulated vesicles resulted in
a synergistic effect. Specifically, mutant KRAS silencing by siRNA combined with the
pro-apoptotic and antiproliferative activity of arsenic significantly improved therapeutic
outcomes [68].

Liver metastasis represents the most critical clinical challenge in patients with colorec-
tal cancer (CRC), prompting recent efforts to develop siRNA-based formulations aimed
at attenuating metastatic progression [69]. One of the major hurdles in oral siRNA ad-
ministration is protecting the payload from gastrointestinal degradation while enabling
active transport to achieve sufficient bioavailability. In this context, orally delivered gold
nano-particle-based siRNA carriers, specifically AuNP-siRNA-glycol chitosan-taurocholic
acid nanoparticles (AR-GT NPs) loaded with siRNA targeting Akt2, were shown to reduce
endogenous Akt expression and induce apoptosis in a colorectal liver metastasis (CLM)
animal model [70]. Other synthetic siRNA delivery systems based on polysaccharides
and their derivatives have shown promising results in highly metastatic cancers, such
as osteosarcoma. Notably, siRNA targeting astrocyte elevated gene-1 (AEG-1), encapsu-
lated within the polysaccharide Amy-g-PLLD, was found to reduce osteosarcoma cell
proliferation and invasion both in vitro and in vivo [71]. Furthermore, the direct injection
of Amy-g-PLLD/siAEG-1 complexes into the tumor mass significantly suppressed lung
metastases in tumor-bearing mice, without inducing detectable cytotoxic effects.

Beyond the classical approach of delivering chemically synthesized siRNA encap-
sulated in nanoparticles (NPs), an elegant alternative strategy seeks to overcome NP-
associated toxicity by employing plasmid or viral vectors encoding short hairpin RNA
(shRNA) precursors. These stem-loop RNA sequences, typically encoded by DNA vectors
and introduced into cells via plasmid transfection or viral transduction, are subsequently
processed by endogenous RNase enzymes, which cleave the loop to generate functional
siRNA molecules. The Yes-associated protein (YAP) is overexpressed or constitutively
activated in a wide variety of cancer types, where it regulates several mechanisms involved
in metastatic processes. The silencing of YAP by shRNA induced tumor cell apoptosis
and blocked tumor cell proliferation and angiogenesis in an animal model of gastric car-
cinoma [72]. Quite interestingly, YAP shRNA also decreases the expression of several
other genes that support metastatic spreading, thus highlighting the utility of the shRNA
approach in enhancing the efficacy and safety of siRNA delivery systems.

The debate over the superiority of one siRNA delivery system over others, in terms of
efficiency and toxicity, is still an open question seldom addressed in the siRNA literature.
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The comprehensive study by Kamerkar et al. [73] sought to fill this important gap by
comparing two siRNA delivery platforms: exosomes versus liposomes. Exosomes obtained
from the supernatant of normal fibroblast-like mesenchymal cells, carrying siRNA or
shRNA directed against mutated oncogenic KRASG12D (iExosomes), exhibited superior
evasion of phagocytic clearance by monocytes in the circulation together with enhanced
efficacy compared with similar assembled liposomes. This iExosomes treatment, mediated
by a CD47-dependent phagocytotic escape mechanism, significantly extended the overall
survival of treated mice in a rodent model of pancreatic cancer.

The possibility for siRNAs to achieve clinical relevance in cancer therapy suggested
by this study emphasizes the key role of proteins naturally present on the surface of
heterologous non-cancer cells exosomes, not only in escaping clearing mechanisms, but
especially in enhancing the target specificity of exosomes as delivery systems for siRNAs
directed against undruggable targets.

Several clinical trials testing siRNA-based drugs against metastatic cancers are cur-
rently underway or have been completed. A search on the portal https://clinicaltrials.gov
accessed on 28 May 2025, querying with the entry “metastatic cancer and siRNA”, retrieved
seven clinical studies in US (Table 1). Of these, five have been completed, one has been
discontinued, and one is currently ongoing. The ongoing phase 1 study (NCT03608631)
is investigating the safety and preliminary efficacy of mesenchymal stromal cell-derived
iExosomes (iEXs) loaded with KRASG12D siRNA in patients with metastatic pancreatic
ductal adenocarcinoma harboring the KRASG12D mutation. The results are expected in
2027. Moreover, a completed phase 1 study (NCT00672542) in metastatic melanoma tested
the safety of transfected modified siRNA, decorated with antigens derived from dendritic
cells, targeting the inducible immunoproteasome subunits LMP2, LMP7, and MECL1.
Another phase 1 trial, named APN401 (NCT02166255), investigated the side effects and
best dose of siRNA-transfected autologous peripheral blood mononuclear cells (PBMCs) in
treating patients with metastatic melanoma, kidney, and pancreatic cancer. A more recent
phase 1 clinical study (NCT03087591) focused on evaluating the safety and immunolog-
ical activity of multiple APN401 infusions in patients with advanced solid tumors, e.g.,
late-stage pancreatic cancer, and its results are available. The treatment was found to
induce significant immunological activation without increasing the risk of autoimmunity
or systemic toxicity. Moreover, a first phase 1/2 study assessed the safety, tolerability,
and toxicity of a single intravitreal injection of siRNA-027 (AGN211745) (NCT00363714),
a siRNA targeting VEGFR-1, together with associated anatomical changes in the retina
and in visual acuity in age-related macular degeneration (AMD). The purpose of another
phase 1 trial (NCT01437007) was to test the safety and effectiveness of TKM-080301, a
PLK1 siRNA, for treating primary or secondary liver cancer that has not responded to
standard treatments. The last phase 1 trial (NCT02110563) aimed to test the safety and
tolerability of the new drug DCR-MYC, a novel synthetic double-stranded RNA formulated
as a lipid particle suspension, targeting the oncogene MYC, whose activation regulates a
wide array of cellular events deeply involved in many hematologic and solid metastatic
tumors. Except for one, none of the completed clinical trials have posted results on the
ClinicalTrials.gov database.

Despite these limited and poorly informative clinical trials, we believe that the impact
of siRNA-based drugs will play an increasingly pivotal role in the pharmacological treat-
ment of metastatic cancers in the near future. The recent improvements and refinements
of new formulations [74], together with the development of a sequence-specific control of
gene expression on a genomic wide scale, termed CRISPR interference (CRISPRi) [75], will
provide a very selective and complementary approach to siRNA in the targeted silencing
of metastatic genes. Finally, increased knowledge of the key parameters involved in siRNA

https://clinicaltrials.gov
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design, gained from the commercialization of several siRNA-based drugs [76] and from the
technology used for the SARS-COVID-19 mRNA vaccines encapsulated in LNP, will likely
boost the development and approval of siRNA-based anticancer drugs.

Table 1. Summary of clinical trials found on ClinicalTrials.gov, querying with the entry “metastatic
cancer and siRNA”. iP: immunoproteosome; TAA: tumor-associated antigen.

Clinical
Trials NCT

Number

Status and
Study Start

Drug or
Biological Biological Function Diseases Results References

NCT03608631
Active, not
recruiting, 27
January 2021

Drug:
Mesenchymal
stromal cells
(MSC)-derived
exosomes
(iEXs) loaded
with
KRASG12D
siRNA

siRNA silences
KRASG12D oncogene
mutation to inhibit
cancer cell proliferation
and survival.

Metastatic
pancreatic
ductal adeno-
carcinoma

Results are
expected in 2027. [73,77]

NCT00672542 Completed,
January 2008

Biological:
vaccine of
autologous
dendritic cells
(DCs)
transfected
with
iP-targeting
siRNAs and
TAA-encoding
RNAs

siRNA targeting iP
beta subunits (LMP2,
LMP7, and MECL1) is
used to modify the
expression of
iP-mediated antigen
processed by dendritic
cells, in combination
with RNAs encoding
melanoma TAAs
(MART-1, tyrosinase,
gp100, and MAGE-3),
to enhance
antigen-specific T cell
responses.

Metastatic
melanoma

The open-access
abstract available
in PubMed
summarizes the
results, mentioning
two treated subjects
as partially and
completely
responsive. No
results are
published on
ClinicalTrials.gov

[77,78]

NCT02166255
Completed,
December
2014

Biological:
autologous
peripheral
blood
mononuclear
cells (PBMCs)
transfected
with CBLB
siRNA
(APN401)

siRNA silences CBLB
mRNA to enhance T
cells function by
reducing CBLB brake.
CBLB is an E3
ubiquitin ligase that
functions as an
intracellular
checkpoint restraining
lymphocyte activation.

Advanced
solid tumors,
e.g., metastatic
melanoma,
metastatic
kidney cancer,
and metastatic
pancreatic
cancer

The meeting
abstract available
in BMJ Journal
reported that
APN401 infusion
seems feasible and
well-tolerated.
No results are
published on
ClinicalTrials.gov

[77,79]

NCT03087591 Completed,
28 April 2017

Biological:
autologous
peripheral
blood
mononuclear
cells (PBMCs)
transfected
with CBLB
siRNA
(APN401)

siRNA silences CBLB
mRNA to enhance T
cells function by
reducing CBLB brake.
CBLB is an E3
ubiquitin ligase that
functions as an
intracellular
checkpoint restraining
lymphocyte activation.

Advanced
solid tumors,
e.g., metastatic
pancreatic and
metastatic
colorectal
cancer

The treatment was
found to induce
significant
immunological
activation without
increasing the risk
of autoimmunity or
systemic toxicity.
No deaths were
reported; 82% of
participants
completed the trial,
one subject was
removed, and
another withdrew.

[77]
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Table 1. Cont.

Clinical
Trials NCT

Number

Status and
Study Start

Drug or
Biological Biological Function Diseases Results References

NCT00363714
Completed,
November
2004

Drug:
siRNA-027
(AGN211745)

siRNA-027 targets and
silences VEGFR1
mRNA, thereby
inhibiting macular
neovascularization
development.

Age-related
macular
degeneration
(AMD)

The article in AJO
reported that
siRNA-027 was
well-tolerated with
no dose-limiting
effects, while visual
acuity and foveal
thickness were
stabilized or
improved. No
results are
published on
ClinicalTrials.gov

[77,80]

NCT01437007
Completed,
26 August
2011

Drug: Lipid
nanoparticle
(LNP)
formulated
with PLK1
siRNA
(TKM-080301)

siRNA targeting the
polo-like kinase-1
(PLK1) gene impairs
cancer cell
proliferation, leading
to mitotic arrest and
apoptosis.

Primary or
secondary
liver cancer,
e.g., colorectal
liver
metastasis,
pancreas liver
metastasis

The trial was
limited to one
participant, and,
unfortunately, no
results were
published.

[69,77]

NCT02110563 Terminated,
April 2014

Drug: Lipid
nanoparticle
(LNP)
formulated
with MYC
siRNA
(DCR-MYC)

siRNA silences the
mRNA expression of
the oncogene c-MYC,
thereby inhibiting
cancer cell
proliferation,
differentiation, and
apoptosis.

Solid tumors,
multiple
myeloma, and
lymphoma

Failed to meet
therapeutic criteria [77,81,82]

4. Conclusions and Future Perspectives
Over the last decade, the development of numerous anticancer drugs has markedly

improved survival in patients with various solid tumors and hematologic malignancies. Yet,
this progress has not been matched by effective therapies for metastatic cancer, which still
accounts for over 90% of cancer-related deaths. This gap largely reflects our limited under-
standing of the molecular mechanisms driving metastasis, complicating the identification
of actionable targets [83].

RNA-based therapeutic strategies, particularly those involving small interfering RNAs
(siRNAs) and microRNAs (miRNAs), are emerging as promising tools to selectively silence
key metastatic genes. Delivered directly or via advanced platforms such as lipid nanoparti-
cles and exosomes, these molecules offer new avenues to tackle metastatic disease. While
significant challenges remain, siRNA- and miRNA-based approaches have the potential to
become cornerstone therapies in the fight against cancer.

Advancing the study of metastasis will require continued collaborative efforts across
the oncology community to develop novel approaches and refine existing technologies,
ultimately translating molecular insights into more effective treatments.

In our opinion, we foresee that the greatest improvements will derive from the combi-
nation of two complementary and intertwined approaches; (a) new types of functional ex
vivo metastatic models and (b) single-cell spatial multiomic analyses.

Ombrato and colleagues [84] proposed an elegant approach to detect and identify early
events in cancer cell metastasis, as well as the ability of tumor cells to recruit and “educate”
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nearby non-cancer cells in the premetastatic niche. In this study, premetastatic cancer cells
were engineered to express a releasable mCherry fluorescent protein, which is subsequently
taken up by non-tumor cells in a tissue slice representing the local tumor microenvironment
(TME). Positive mCherry TME cells can be first isolated by fluorescence-activated cell
sorting (FACS) and then characterized by single-cell transcriptomics and proteomics tools
to identify changes in signaling pathways induced by the direct contact with metastatic
cancer cells. Following this strategy, Massara et al. [85] applied the mCherry fluorescent
label to a mouse model of brain metastasis and found that CD206+ tumor-associated
macrophages were the predominant cell type capturing and retaining the tumor-derived
marker, both adjacent to and distant from the metastatic lesion.

The full exploitation of this ex vivo model requires the implementation of reliable
spatial single cell multiomic analyses, thus allowing for characterization at the genomic,
transcriptomic, and proteomic levels of the different clusters of cells, along with their
spatial localization, belonging to the metastatic niche and TME [86]. Recent improvements
in analytical procedures have clearly shown that single-cell sequencing (SCS) is a powerful
and affordable high-throughput tool to investigate the molecular mechanisms underlying
tumor metastasis at the single-cell level [87]. Indeed, SCS can be used to study tumor
heterogeneity, drug resistance, changes in the TME, analysis of circulating tumor cells
(CTCs) in liquid biopsy, and, in combination with artificial intelligence (AI), to construct
metastasis-related cell maps for predicting and monitoring the dynamics of metastasis.

Author Contributions: The manuscript was written through contributions of all authors. All authors
have given approval to the final version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was conceived and encouraged by Sergio Schinelli, who firmly
believed in the therapeutic potential of this strategy and in the remarkable opportunities offered by
EVs in drug delivery.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kalla, R.; Ventham, N.T.; Kennedy, N.A.; Quintana, J.F.; Nimmo, E.R.; Buck, A.H.; Satsangi, J. MicroRNAs: New players in IBD.

Gut 2015, 64, 504–513. [CrossRef]
2. Weng, Y.T.; Chang, Y.M.; Chern, Y. The Impact of Dysregulated microRNA Biogenesis Machinery and microRNA Sorting on

Neurodegenerative Diseases. Int. J. Mol. Sci. 2023, 24, 3443. [CrossRef]
3. Kim, T.; Croce, C.M. MicroRNA: Trends in clinical trials of cancer diagnosis and therapy strategies. Exp. Mol. Med. 2023, 55,

1314–1321. [CrossRef]
4. Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs: Biology, functions,

therapeutics, and analysis methods. J. Cell Physiol. 2019, 234, 5451–5465. [CrossRef] [PubMed]
5. Medley, J.C.; Panzade, G.; Zinovyeva, A.Y. microRNA strand selection: Unwinding the rules. Wiley Interdiscipl. Rev. RNA 2021, 12,

e1627. [CrossRef]
6. Chakrabortty, A.; Patton, D.J.; Smith, B.F.; Agarwal, P. miRNAs: Potential as Biomarkers and Therapeutic Targets for Cancer.

Genes 2023, 14, 1375. [CrossRef]
7. Menon, A.; Abd-Aziz, N.; Khalid, K.; Poh, C.L.; Naidu, R. miRNA: A Promising Therapeutic Target in Cancer. Int. J. Mol. Sci.

2022, 23, 11502. [CrossRef]
8. Gambari, R.; Brognara, E.; Spandidos, D.A.; Fabbri, E. Targeting oncomiRNAs and mimicking tumor suppressor miRNAs: New

trends in the development of miRNA therapeutic strategies in oncology (Review). Int. J. Oncol. 2016, 49, 5–32. [CrossRef]
[PubMed]

9. Hassan, M.; Elzallat, M.; Aboushousha, T.; Elhusseny, Y.; El-Ahwany, E. MicroRNA-122 mimic/microRNA-221 inhibitor
combination as a novel therapeutic tool against hepatocellular carcinoma. Noncoding RNA Res. 2023, 8, 126–134. [CrossRef]
[PubMed]

https://doi.org/10.1136/gutjnl-2014-307891
https://doi.org/10.3390/ijms24043443
https://doi.org/10.1038/s12276-023-01050-9
https://doi.org/10.1002/jcp.27486
https://www.ncbi.nlm.nih.gov/pubmed/30471116
https://doi.org/10.1002/wrna.1627
https://doi.org/10.3390/genes14071375
https://doi.org/10.3390/ijms231911502
https://doi.org/10.3892/ijo.2016.3503
https://www.ncbi.nlm.nih.gov/pubmed/27175518
https://doi.org/10.1016/j.ncrna.2022.11.005
https://www.ncbi.nlm.nih.gov/pubmed/36474748


Int. J. Mol. Sci. 2025, 26, 8703 18 of 21

10. Ranasinghe, P.; Addison, M.L.; Dear, J.W.; Webb, D.J. Small interfering RNA: Discovery, pharmacology and clinical development—
An introductory review. Br. J. Pharmacol. 2023, 180, 2697–2720. [CrossRef]

11. Friedrich, M.; Aigner, A. Therapeutic siRNA: State-of-the-Art and Future Perspectives. BioDrugs 2022, 36, 549–571. [CrossRef]
12. Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X.J. Therapeutic siRNA: State of the art. Signal Transduct. Target.

Ther. 2020, 5, 101. [CrossRef]
13. Selvam, C.; Mutisya, D.; Prakash, S.; Ranganna, K.; Thilagavathi, R. Therapeutic potential of chemically modified siRNA: Recent

trends. Chem. Biol. Drug Des. 2017, 90, 665–678. [CrossRef] [PubMed]
14. Deleavey, G.F.; Watts, J.K.; Damha, M.J. Chemical Modification of siRNA. Curr. Protoc. Nucleic Acid. Chem. 2009, 39, 16.3.1–16.3.22.

[CrossRef]
15. Tatiparti, K.; Sau, S.; Kashaw, S.; Iyer, A. siRNA Delivery Strategies: A Comprehensive Review of Recent Developments.

Nanomaterials 2017, 7, 77. [CrossRef]
16. Kliuchnikov, E.; Maksudov, F.; Zuber, J.; Hyde, S.; Castoreno, A.; Waldron, S.; Schlegel, M.K.; Marx, K.A.; Maier, M.A.; Barsegov,

V. Improving the potency prediction for chemically modified siRNAs through insights from molecular modeling of individual
sequence positions. Mol. Ther. Nucleic Acids 2025, 36, 102415. [CrossRef] [PubMed]

17. Guo, S.; Zhang, M.; Huang, Y. Three ‘E’ challenges for siRNA drug development. Trends Mol. Med. 2024, 30, 13–24. [CrossRef]
[PubMed]

18. Varley, A.J.; Desaulniers, J.P. Chemical strategies for strand selection in short-interfering RNAs. RSC Adv. 2021, 11, 2415–2426.
[CrossRef]

19. Haraszti, R.A.; Roux, L.; Coles, A.H.; Turanov, A.A.; Alterman, J.F.; Echeverria, D.; Godinho, B.M.D.C.; Aronin, N.; Khvorova,
A. 5′-Vinylphosphonate improves tissue accumulation and efficacy of conjugated siRNAs in vivo. Nucleic Acids Res. 2017, 45,
7581–7592. [CrossRef]

20. Parmar, R.; Willoughby, J.L.S.; Liu, J.; Foster, D.J.; Brigham, B.; Theile, C.S.; Charisse, K.; Akinc, A.; Guidry, E.; Pei, Y.; et al. 5′-(E)-
Vinylphosphonate: A Stable Phosphate Mimic Can Improve the RNAi Activity of siRNA–GalNAc Conjugates. ChemBioChem
2016, 17, 985–989. [CrossRef]

21. Datta, D.; Kundu, J.; Miller, P.; Khan, M.S.; Salinas, J.; Qin, J.; LeBlanc, S.; Nguyen, T.; Peng, H.; Theile, C.S.; et al. Expanding the
binding space of argonaute-2: Incorporation of either E or Z. isomers of 6′-vinylphosphonate at the 5′ end of the antisense strand
improves RNAi activity. Chem. Commun. 2025, 61, 6659–6662. [CrossRef]

22. Berk, C.; Civenni, G.; Wang, Y.; Steuer, C.; Catapano, C.V.; Hall, J. Pharmacodynamic and Pharmacokinetic Properties of Full
Phosphorothioate Small Interfering RNAs for Gene Silencing In Vivo. Nucleic Acid. Ther. 2021, 31, 237–244. [CrossRef]

23. Springer, A.D.; Dowdy, S.F. GalNAc-siRNA Conjugates: Leading the Way for Delivery of RNAi Therapeutics. Nucleic Acid. Ther.
2018, 28, 109–118. [CrossRef]

24. Lorenzer, C.; Dirin, M.; Winkler, A.M.; Baumann, V.; Winkler, J. Going beyond the liver: Progress and challenges of targeted
delivery of siRNA therapeutics. J. Control. Release 2015, 203, 1–15. [CrossRef] [PubMed]

25. Yamada, K.; Hariharan, V.N.; Caiazzi, J.; Miller, R.; Ferguson, C.M.; Sapp, E.; Fakih, H.H.; Tang, Q.; Yamada, N.; Furgal, R.C.; et al.
Enhancing siRNA efficacy in vivo with extended nucleic acid backbones. Nat. Biotechnol. 2025, 43, 904–913. [CrossRef]

26. Meade, B.R.; Gogoi, K.; Hamil, A.S.; Palm-Apergi, C.; van den Berg, A.; Hagopian, J.C.; Springer, A.D.; Eguchi, A.; Kacsinta,
A.D.; Dowdy, C.F.; et al. Efficient delivery of RNAi prodrugs containing reversible charge-neutralizing phosphotriester backbone
modifications. Nat. Biotechnol. 2014, 32, 1256–1261. [CrossRef]

27. Goroshchuk, O.; Vidarsdottir, L.; Björklund, A.C.; Hamil, A.S.; Kolosenko, I.; Dowdy, S.F.; Palm-Apergi, C. Targeting Plk1
with siRNNs in primary cells from pediatric B-cell acute lymphoblastic leukemia patients. Sci. Rep. 2020, 10, 2688. [CrossRef]
[PubMed]

28. Li, Q.; Dong, M.; Chen, P. Advances in structural-guided modifications of siRNA. Bioorg. Med. Chem. 2024, 110, 117825. [CrossRef]
29. Valenzuela, R.A.P.; Suter, S.R.; Ball-Jones, A.A.; Ibarra-Soza, J.M.; Zheng, Y.; Beal, P.A. Base Modification Strategies to Modulate

Immune Stimulation by an siRNA. ChemBioChem 2015, 16, 262–267. [CrossRef] [PubMed]
30. Robbins, M.; Judge, A.; Liang, L.; McClintock, K.; Yaworski, E.; MacLachlan, I. 2′-O-methyl-modified RNAs Act as TLR7

Antagonists. Mol. Ther. 2007, 15, 1663–1669. [CrossRef]
31. Malek-Adamian, E.; Fakhoury, J.; Arnold, A.E.; Martínez-Montero, S.; Shoichet, M.S.; Damha, M.J. Effect of Sugar 2′,4′-

Modifications on Gene Silencing Activity of siRNA Duplexes. Nucleic Acid. Ther. 2019, 29, 187–194. [CrossRef]
32. Takahashi, M.; Nagai, C.; Hatakeyama, H.; Minakawa, N.; Harashima, H.; Matsuda, A. Intracellular stability of 2′-OMe-4′-

thioribonucleoside modified siRNA leads to long-term RNAi effect. Nucleic Acids Res. 2012, 40, 5787–5793. [CrossRef] [PubMed]
33. Elmén, J.; Thonberg, H.; Ljungberg, K.; Frieden, M.; Westergaard, M.; Xu, Y.; Wahren, B.; Liang, Z.; Ørum, H.; Koch, T.; et al.

Locked nucleic acid (LNA) mediated improvements in siRNA stability and functionality. Nucleic Acids Res. 2005, 33, 439–447.
[CrossRef]

34. Mook, O.R.; Baas, F.; de Wissel, M.B.; Fluiter, K. Evaluation of locked nucleic acid–modified small interfering RNA in vitro and
in vivo. Mol. Cancer Ther. 2007, 6, 833–843. [CrossRef] [PubMed]

https://doi.org/10.1111/bph.15972
https://doi.org/10.1007/s40259-022-00549-3
https://doi.org/10.1038/s41392-020-0207-x
https://doi.org/10.1111/cbdd.12993
https://www.ncbi.nlm.nih.gov/pubmed/28378934
https://doi.org/10.1002/0471142700.nc1603s39
https://doi.org/10.3390/nano7040077
https://doi.org/10.1016/j.omtn.2024.102415
https://www.ncbi.nlm.nih.gov/pubmed/40171444
https://doi.org/10.1016/j.molmed.2023.10.005
https://www.ncbi.nlm.nih.gov/pubmed/37951790
https://doi.org/10.1039/D0RA07747J
https://doi.org/10.1093/nar/gkx507
https://doi.org/10.1002/cbic.201600130
https://doi.org/10.1039/D5CC00348B
https://doi.org/10.1089/nat.2020.0852
https://doi.org/10.1089/nat.2018.0736
https://doi.org/10.1016/j.jconrel.2015.02.003
https://www.ncbi.nlm.nih.gov/pubmed/25660205
https://doi.org/10.1038/s41587-024-02336-7
https://doi.org/10.1038/nbt.3078
https://doi.org/10.1038/s41598-020-59653-5
https://www.ncbi.nlm.nih.gov/pubmed/32060361
https://doi.org/10.1016/j.bmc.2024.117825
https://doi.org/10.1002/cbic.201402551
https://www.ncbi.nlm.nih.gov/pubmed/25487859
https://doi.org/10.1038/sj.mt.6300240
https://doi.org/10.1089/nat.2019.0792
https://doi.org/10.1093/nar/gks204
https://www.ncbi.nlm.nih.gov/pubmed/22411910
https://doi.org/10.1093/nar/gki193
https://doi.org/10.1158/1535-7163.MCT-06-0195
https://www.ncbi.nlm.nih.gov/pubmed/17363479


Int. J. Mol. Sci. 2025, 26, 8703 19 of 21

35. Robbins, M.; Judge, A.; MacLachlan, I. siRNA and Innate Immunity. Oligonucleotides 2009, 19, 89–102. [CrossRef] [PubMed]
36. Rydzik, A.M.; Riether, D.; Gottschling, D. Synthesis of 2′-modified N6-methyladenosine phosphoramidites and their incorporation

into siRNA. Bioorg. Med. Chem. Lett. 2023, 81, 129126. [CrossRef]
37. Kaushal, A. Innate immune regulations and various siRNA modalities. Drug Deliv. Transl. Res. 2023, 13, 2704–2718. [CrossRef]
38. Lee, H.S.; Seok, H.; Lee, D.H.; Ham, J.; Lee, W.; Youm, E.M.; Yoo, J.S.; Lee, Y.S.; Jang, E.S.; Sung, W.C. Abasic pivot substitution

harnesses target specificity of RNA interference. Nat. Commun. 2015, 6, 10154. [CrossRef]
39. Sarett, S.M.; Werfel, T.A.; Lee, L.; Jackson, M.A.; Kilchrist, K.V.; Brantley-Sieders, D.; Duvall, C.L. Lipophilic siRNA targets

albumin in situ and promotes bioavailability, tumor penetration, and carrier-free gene silencing. Proc. Natl. Acad. Sci. USA 2017,
114, E6490–E6497. [CrossRef]

40. Chernikov, I.V.; Gladkikh, D.V.; Meschaninova, M.I.; Ven’yaminova, A.G.; Zenkova, M.A.; Vlassov, V.V.; Chernolovskaya, E.L.
Cholesterol-Containing Nuclease-Resistant siRNA Accumulates in Tumors in a Carrier-free Mode and Silences MDR1 Gene. Mol.
Ther. Nucleic Acids 2017, 6, 209–220. [CrossRef]

41. Nishina, K.; Unno, T.; Uno, Y.; Kubodera, T.; Kanouchi, T.; Mizusawa, H.; Yokota, T. Efficient In Vivo Delivery of siRNA to the
Liver by Conjugation of α-Tocopherol. Mol. Ther. 2008, 16, 734–740. [CrossRef]

42. Chernikov, I.V.; Vlassov, V.V.; Chernolovskaya, E.L. Current Development of siRNA Bioconjugates: From Research to the Clinic.
Front. Pharmacol. 2019, 10, 444. [CrossRef]

43. Lee, J.W.; Choi, J.; Kim, E.H.; Choi, J.; Kim, S.H.; Yang, Y. Design of siRNA Bioconjugates for Efficient Control of Cancer-Associated
Membrane Receptors. ACS Omega 2023, 8, 36435–36448. [CrossRef]

44. Nguyen, G.N.; Everett, J.K.; Kafle, S.; Roche, A.M.; Raymond, H.E.; Leiby, J.; Wood, C.; Assenmacher, C.A.; Merricks, E.P.; Long,
C.T.; et al. A long-term study of AAV gene therapy in dogs with hemophilia A identifies clonal expansions of transduced liver
cells. Nat. Biotechnol. 2021, 39, 47–55. [CrossRef] [PubMed]

45. Ubanako, P.; Mirza, S.; Ruff, P.; Penny, C. Exosome-mediated delivery of siRNA molecules in cancer therapy: Triumphs and
challenges. Front. Mol. Biosci. 2024, 11, 1447953. [CrossRef]

46. Wang, J.; Li, W.; Lu, Z.; Zhang, L.; Hu, Y.; Li, Q.; Du, W.; Feng, X.; Jia, H.; Liu, B.F. The use of RGD-engineered exosomes for
enhanced targeting ability and synergistic therapy toward angiogenesis. Nanoscale 2017, 9, 15598–15605. [CrossRef] [PubMed]

47. Bergqvist, M.; Park, K.S.; Karimi, N.; Yu, L.; Lässer, C.; Lötvall, J. Extracellular vesicle surface engineering with integrins (ITGAL
& ITGB2) to specifically target ICAM-1-expressing endothelial cells. J. Nanobiotechnol. 2025, 23, 64. [CrossRef]

48. Kundu, S.; Guo, J.; Islam, M.S.; Rohokale, R.; Jaiswal, M.; Guo, Z. A New Strategy to Functionalize Exosomes via Enzymatic
Engineering of Surface Glycans and its Application to Profile Exosomal Glycans and Endocytosis. Adv. Sci. 2025, 12, 2415942.
[CrossRef]

49. Zhuo, Y.; Luo, Z.; Zhu, Z.; Wang, J.; Li, X.; Zhang, Z.; Guo, C.; Wang, B.; Nie, D.; Gan, Y.; et al. Direct cytosolic delivery of siRNA
via cell membrane fusion using cholesterol-enriched exosomes. Nat. Nanotechnol. 2024, 19, 1858–1868. [CrossRef]

50. Hazekawa, M.; Nishinakagawa, T.; Hosokawa, M.; Ishibashi, D. Development of an Organ-Directed Exosome-Based siRNA-
Carrier Derived from Autologous Serum for Lung Metastases and Testing in the B16/BL6 Spontaneous Lung Metastasis Model.
Pharmaceutics 2022, 14, 815. [CrossRef]

51. Zhao, L.; Gu, C.; Gan, Y.; Shao, L.; Chen, H.; Zhu, H. Exosome-mediated siRNA delivery to suppress postoperative breast cancer
metastasis. J. Control. Release 2020, 318, 1–15. [CrossRef]

52. Zhang, C.; Wu, Q.; Gong, Y.; Qin, Q.; Han, Q.; Cheng, Z.; Yan, Z. Biomimetic exosomal vesicles loaded with siRNA improves
antitumor immune responses by inhibiting the secretion of tumor-derived exosome PD-L1. Int. Immunopharmacol. 2024, 129,
111659. [CrossRef]

53. Liu, X.; Zhang, G.; Yu, T.; He, J.; Liu, J.; Chai, X.; Zhao, G.; Yin, D.; Zhang, C. Exosomes deliver lncRNA DARS-AS1 siRNA to
inhibit chronic unpredictable mild stress-induced TNBC metastasis. Cancer Lett. 2022, 543, 215781. [CrossRef]

54. Dong, Y.; Siegwart, D.J.; Anderson, D.G. Strategies, design, and chemistry in siRNA delivery systems. Adv. Drug Deliv. Rev. 2019,
144, 133–147. [CrossRef] [PubMed]

55. Yu, S.; Xu, X.; Feng, J.; Liu, M.; Hu, K. Chitosan and chitosan coating nanoparticles for the treatment of brain disease. Int. J. Pharm.
2019, 560, 282–293. [CrossRef]

56. Lin, S.; Jing, H.; Du, X.; Yang, X.; Wang, J. Optimization of lipid assisted polymeric nanoparticles for siRNA delivery and cancer
immunotherapy. Biomater. Sci. 2024, 12, 2057–2066. [CrossRef] [PubMed]

57. Mrksich, K.; Padilla, M.S.; Mitchell, M.J. Breaking the final barrier: Evolution of cationic and ionizable lipid structure in lipid
nanoparticles to escape the endosome. Adv. Drug Deliv. Rev. 2024, 214, 115446. [CrossRef]

58. Kulkarni, J.A.; Witzigmann, D.; Chen, S.; Cullis, P.R.; van der Meel, R. Lipid Nanoparticle Technology for Clinical Translation of
siRNA Therapeutics. Acc. Chem. Res. 2019, 52, 2435–2444. [CrossRef] [PubMed]

59. Maurer, M.S.; Kale, P.; Fontana, M.; Berk, J.L.; Grogan, M.; Gustafsson, F.; Hung, R.R.; Gottlieb, R.L.; Damy, T.; González-Duarte,
A.; et al. Patisiran Treatment in Patients with Transthyretin Cardiac Amyloidosis. N. Engl. J. Med. 2023, 389, 1553–1565. [CrossRef]

https://doi.org/10.1089/oli.2009.0180
https://www.ncbi.nlm.nih.gov/pubmed/19441890
https://doi.org/10.1016/j.bmcl.2023.129126
https://doi.org/10.1007/s13346-023-01361-4
https://doi.org/10.1038/ncomms10154
https://doi.org/10.1073/pnas.1621240114
https://doi.org/10.1016/j.omtn.2016.12.011
https://doi.org/10.1038/mt.2008.14
https://doi.org/10.3389/fphar.2019.00444
https://doi.org/10.1021/acsomega.3c05395
https://doi.org/10.1038/s41587-020-0741-7
https://www.ncbi.nlm.nih.gov/pubmed/33199875
https://doi.org/10.3389/fmolb.2024.1447953
https://doi.org/10.1039/C7NR04425A
https://www.ncbi.nlm.nih.gov/pubmed/28990632
https://doi.org/10.1186/s12951-025-03125-3
https://doi.org/10.1002/advs.202415942
https://doi.org/10.1038/s41565-024-01785-0
https://doi.org/10.3390/pharmaceutics14040815
https://doi.org/10.1016/j.jconrel.2019.12.005
https://doi.org/10.1016/j.intimp.2024.111659
https://doi.org/10.1016/j.canlet.2022.215781
https://doi.org/10.1016/j.addr.2019.05.004
https://www.ncbi.nlm.nih.gov/pubmed/31102606
https://doi.org/10.1016/j.ijpharm.2019.02.012
https://doi.org/10.1039/D3BM02071A
https://www.ncbi.nlm.nih.gov/pubmed/38469870
https://doi.org/10.1016/j.addr.2024.115446
https://doi.org/10.1021/acs.accounts.9b00368
https://www.ncbi.nlm.nih.gov/pubmed/31397996
https://doi.org/10.1056/NEJMoa2300757


Int. J. Mol. Sci. 2025, 26, 8703 20 of 21

60. Rungta, R.L.; Choi, H.B.; Lin, P.J.; Ko, R.W.Y.; Ashby, A.; Nair, J.; Manoharan, M.; Cullis, P.R.; MacVicar, B.A. Lipid Nanoparticle
Delivery of siRNA to Silence Neuronal Gene Expression in the Brain. Mol. Ther.—Nucleic Acids 2013, 2, e136. [CrossRef]

61. Nabhan, J.F.; Wood, K.M.; Rao, V.P.; Morin, J.; Bhamidipaty, S.; LaBranche, T.P.; Gooch, R.L.; Bozal, F.; Bulawa, C.E.; Guild, B.C.
Intrathecal delivery of frataxin mRNA encapsulated in lipid nanoparticles to dorsal root ganglia as a potential therapeutic for
Friedreich’s ataxia. Sci. Rep. 2016, 6, 20019. [CrossRef]

62. Bari, E.; Serra, M.; Paolillo, M.; Bernardi, E.; Tengattini, S.; Piccinini, F.; Lanni, C.; Sorlini, M.; Bisbano, G.; Calleri, E.; et al. Silk
Fibroin Nanoparticle Functionalization with Arg-Gly-Asp Cyclopentapeptide Promotes Active Targeting for Tumor Site-Specific
Delivery. Cancers 2021, 13, 1185. [CrossRef]

63. Li, S.D.; Chono, S.; Huang, L. Efficient Oncogene Silencing and Metastasis Inhibition via Systemic Delivery of siRNA. Mol. Ther.
2008, 16, 942–946. [CrossRef] [PubMed]

64. Guo, P.; You, J.O.; Yang, J.; Jia, D.; Moses, M.A.; Auguste, D.T. Inhibiting Metastatic Breast Cancer Cell Migration via the Synergy
of Targeted, pH-triggered siRNA Delivery and Chemokine Axis Blockade. Mol. Pharm. 2014, 11, 755–765. [CrossRef] [PubMed]

65. Sakurai, Y.; Hada, T.; Kato, A.; Hagino, Y.; Mizumura, W.; Harashima, H. Effective Therapy Using a Liposomal siRNA that Targets
the Tumor Vasculature in a Model Murine Breast Cancer with Lung Metastasis. Mol. Ther. Oncolytics 2018, 11, 102–108. [CrossRef]
[PubMed]

66. Li, S.D.; Chono, S.; Huang, L. Efficient gene silencing in metastatic tumor by siRNA formulated in surface-modified nanoparticles.
J. Control. Release 2008, 126, 77–84. [CrossRef]

67. Morry, J.; Ngamcherdtrakul, W.; Gu, S.; Reda, M.; Castro, D.J.; Sangvanich, T.; Gray, J.W.; Yantasee, W. Targeted Treatment of
Metastatic Breast Cancer by PLK1 siRNA Delivered by an Antioxidant Nanoparticle Platform. Mol. Cancer Ther. 2017, 16, 763–772.
[CrossRef]

68. Zeng, L.; Li, J.; Wang, Y.; Qian, C.; Chen, Y.; Zhang, Q.; Wu, W.; Lin, Z.; Liang, J.; Shuai, X.; et al. Combination of siRNA-directed
Kras oncogene silencing and arsenic-induced apoptosis using a nanomedicine strategy for the effective treatment of pancreatic
cancer. Nanomedicine 2014, 10, 463–472. [CrossRef]

69. Xie, J.; Wang, S. Small Interfering RNA in Colorectal Cancer Liver Metastasis Therapy. Technol. Cancer Res. Treat. 2022, 21,
15330338221103318. [CrossRef]

70. Kang, S.H.; Revuri, V.; Lee, S.J.; Cho, S.; Park, I.K.; Cho, K.J.; Bae, W.K.; Lee, Y.K. Oral siRNA Delivery to Treat Colorectal Liver
Metastases. ACS Nano 2017, 11, 10417–10429. [CrossRef]

71. Wang, F.; Pang, J.; Huang, L.; Wang, R.; Jiang, Q.; Zhang, L.; Sun, K. Inhibition of osteosarcoma growth and metastasis using a
polysaccharide derivative of Amy-g-PLLD for the delivery of AEG-1 siRNA. Nano Res. 2018, 11, 3886–3898. [CrossRef]

72. Zhou, Z.; Zhu, J.S.; Gao, C.P.; Li, L.P.; Zhou, C.; Wang, H.; Liu, X.G. siRNA targeting YAP gene inhibits gastric carcinoma growth
and tumor metastasis in SCID mice. Oncol. Lett. 2016, 11, 2806–2814. [CrossRef]

73. Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F.; Melo, S.A.; Lee, J.J.; Kalluri, R. Exosomes facilitate therapeutic
targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498–503. [CrossRef]

74. Rossi, J.J.; Rossi, D.J. siRNA Drugs: Here to Stay. Mol. Ther. 2021, 29, 431–432. [CrossRef]
75. Larson, M.H.; Gilbert, L.A.; Wang, X.; Lim, W.A.; Weissman, J.S.; Qi, L.S. CRISPR interference (CRISPRi) for sequence-specific

control of gene expression. Nat. Protoc. 2013, 8, 2180–2196. [CrossRef] [PubMed]
76. Ebenezer, O.; Oyebamiji, A.K.; Olanlokun, J.O.; Tuszynski, J.A.; Wong, G.K.S. Recent Update on siRNA Therapeutics. Int. J. Mol.

Sci. 2025, 26, 3456. [CrossRef]
77. National Library of Medicine (US). ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ (accessed on 28 May 2025).
78. Dannull, J.; Haley, N.R.; Archer, G.; Nair, S.; Boczkowski, D.; Harper, M.; De Rosa, N.; Pickett, N.; Mosca, P.J.; Burchette, J.; et al.

Melanoma immunotherapy using mature DCs expressing the constitutive proteasome. J. Clin. Investig. 2013, 123, 3135–3145.
[CrossRef] [PubMed]

79. Triozzi, P.; Kooshki, M.; Alistar, A.; Bitting, R.; Neal, A.; Lametschwandtner, G.; Loibner, H. Phase I clinical trial of adoptive
cellular immunotherapy with APN401 in patients with solid tumors. J. Immunother. Cancer 2015, 3 (Suppl. S2), P175. [CrossRef]

80. Kaiser, P.K.; Symons, R.C.A.; Shah, S.M.; Quinlan, E.J.; Tabandeh, H.; Do, D.V.; Reisen, G.; Lockridge, J.A.; Short, B.; Guerciolini,
B.; et al. RNAi-Based Treatment for Neovascular Age-Related Macular Degeneration by Sirna-027. Am. J. Ophthalmol. 2010, 150,
33–39.e2. [CrossRef] [PubMed]

81. Xie, X.; Yu, T.; Li, X.; Zhang, N.; Foster, L.J.; Peng, C.; Huang, W.; He, G. Recent advances in targeting the “undruggable” proteins:
From drug discovery to clinical trials. Signal Transduct. Target. Ther. 2023, 8, 335. [CrossRef]

82. National Cancer Institute (U.S.). MYC-Targeting siRNA DCR-MYC. Available online: https://www.cancer.gov/publications/
dictionaries/cancer-drug/def/myc-targeting-sirna-dcr-myc (accessed on 28 May 2025).

83. Serra, M.; Rubes, D.; Schinelli, S.; Paolillo, M. Small Molecules against Metastatic Tumors: Concrete Perspectives and Shattered
Dreams. Cancers 2023, 15, 4173. [CrossRef] [PubMed]

https://doi.org/10.1038/mtna.2013.65
https://doi.org/10.1038/srep20019
https://doi.org/10.3390/cancers13051185
https://doi.org/10.1038/mt.2008.51
https://www.ncbi.nlm.nih.gov/pubmed/18388916
https://doi.org/10.1021/mp4004699
https://www.ncbi.nlm.nih.gov/pubmed/24467226
https://doi.org/10.1016/j.omto.2018.10.004
https://www.ncbi.nlm.nih.gov/pubmed/30534584
https://doi.org/10.1016/j.jconrel.2007.11.002
https://doi.org/10.1158/1535-7163.MCT-16-0644
https://doi.org/10.1016/j.nano.2013.08.007
https://doi.org/10.1177/15330338221103318
https://doi.org/10.1021/acsnano.7b05547
https://doi.org/10.1007/s12274-018-1965-4
https://doi.org/10.3892/ol.2016.4319
https://doi.org/10.1038/nature22341
https://doi.org/10.1016/j.ymthe.2021.01.015
https://doi.org/10.1038/nprot.2013.132
https://www.ncbi.nlm.nih.gov/pubmed/24136345
https://doi.org/10.3390/ijms26083456
https://clinicaltrials.gov/
https://doi.org/10.1172/JCI67544
https://www.ncbi.nlm.nih.gov/pubmed/23934126
https://doi.org/10.1186/2051-1426-3-S2-P175
https://doi.org/10.1016/j.ajo.2010.02.006
https://www.ncbi.nlm.nih.gov/pubmed/20609706
https://doi.org/10.1038/s41392-023-01589-z
https://www.cancer.gov/publications/dictionaries/cancer-drug/def/myc-targeting-sirna-dcr-myc
https://www.cancer.gov/publications/dictionaries/cancer-drug/def/myc-targeting-sirna-dcr-myc
https://doi.org/10.3390/cancers15164173
https://www.ncbi.nlm.nih.gov/pubmed/37627201


Int. J. Mol. Sci. 2025, 26, 8703 21 of 21

84. Ombrato, L.; Nolan, E.; Kurelac, I.; Mavousian, A.; Bridgeman, V.L.; Heinze, I.; Chakravarty, P.; Horswell, S.; Gonzalez-Gualda,
E.; Matacchione, G.; et al. Metastatic-niche labelling reveals parenchymal cells with stem features. Nature 2019, 572, 603–608.
Erratum in Nature 2019, 575, E8. [CrossRef]

85. Massara, M.; Dolfi, B.; Wischnewski, V.; Nolan, E.; Held, W.; Malanchi, I.; Joyce, J.A. Investigation of a fluorescent reporter
microenvironment niche labeling strategy in experimental brain metastasis. iScience 2024, 27, 110284. [CrossRef] [PubMed]

86. Passaro, D.; Garcia-Albornoz, M.; Diana, G.; Chakravarty, P.; Ariza-McNaughton, L.; Batsivari, A.; Borràs-Eroles, C.; Abarrategi,
A.; Waclawiczek, A.; Ombrato, L.; et al. Integrated OMICs unveil the bone-marrow microenvironment in human leukemia. Cell
Rep. 2021, 35, 109119. [CrossRef]

87. Han, Y.; Wang, D.; Peng, L.; Huang, T.; He, X.; Wang, J.; Ou, C. Single-cell sequencing: A promising approach for uncovering the
mechanisms of tumor metastasis. J. Hematol. Oncol. 2022, 15, 59. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi: 10.1038/s41586-019-1697-y
https://doi.org/10.1016/j.isci.2024.110284
https://www.ncbi.nlm.nih.gov/pubmed/39040072
https://doi.org/10.1016/j.celrep.2021.109119
https://doi.org/10.1186/s13045-022-01280-w

	Introduction 
	Micro RNAs (miRNA) 
	Short Interfering RNAs (siRNAs) 
	Beyond Native siRNA: A Chemical Optimization Guide 
	Termini Modifications 
	Backbone Modifications 
	Sugar Modifications 
	Base Modifications 
	Lipid Conjugation 
	Bioconjugations 

	siRNA Delivery 
	Biotechnological Approach 
	Nanotechnological Approach 


	Conclusions and Future Perspectives 
	References

