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Simple Summary: The use of small interfering RNA (siRNA) combined with cancer
drugs is a groundbreaking approach that aims to improve cancer treatment. By targeting
specific genes that are active in cancer cells but not in healthy ones, siRNA can effectively
block harmful processes that allow tumors to grow and spread. This review discusses
important genes, like survivin, VEGF, and HER?2, that siRNA can target to enhance the
effectiveness of traditional cancer treatments. Clinical trials have shown that these siRNA
therapies can be well tolerated, but challenges remain, such as delivering the siRNA
effectively and minimizing side effects. Advances in delivery systems, like nanoparticles,
are helping address these issues. Looking forward, researchers aim to improve how
siRNA is delivered, tailor treatments to individual patients, and develop clearer guidelines
for approval. Overall, siRNA-based therapies have the potential to revolutionize cancer
treatment, providing new hope for patients facing tough-to-treat cancers.

Abstract: The integration of small interfering RNA (siRNA) with traditional cancer thera-
pies represents a promising frontier in oncology aimed at enhancing treatment effectiveness,
reducing side effects, and overcoming drug resistance. This review highlights the potential
of siRNA to selectively silence genes that are overexpressed or uniquely expressed in cancer
cells, thereby disrupting critical pathways that support tumor growth and survival. Key
target genes discussed include survivin, VEGF, EGFR, c-MET, HER2, MUC1, and Bcl-2, all
of which play vital roles in tumor proliferation, angiogenesis, and resistance to therapies.
Clinical trials investigating various siRNA candidates, such as EZN-3042 and ALN-VSP,
indicate that these therapies are generally well-tolerated; however, significant challenges
persist, including the effective delivery and stability of siRNA. Recent advancements in
nanoparticle-based delivery systems have shown promise in addressing these issues. Fu-
ture research will focus on optimizing siRNA delivery methods, personalizing therapies
based on individual genetic profiles, and establishing clearer regulatory guidelines for
approval. As the field evolves, siRNA-based combination therapies are poised to become an
integral part of precision oncology, offering new therapeutic options and hope for patients
with difficult-to-treat cancers.

Keywords: siRNA; anticancer drugs; drug resistance; targeted therapy; nanoparticles

1. Introduction

Combination therapy using small interfering RNA (siRNA) and anticancer drugs rep-
resents a transformative advancement in oncology, addressing significant limitations of tra-
ditional treatments such as chemotherapy and targeted therapies [1-3]. While conventional
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approaches have achieved considerable success, their effectiveness is often constrained by
challenges such as non-specific cytotoxicity, the emergence of drug resistance, and debilitat-
ing side effects that comprise therapeutic outcomes and patient adherence. These obstacles
underscore the urgent need for innovative and highly specific treatment modalities that
can precisely target cancer cells while minimizing harm to healthy tissues [4-6].

The dual approach of combining siRNA with anticancer drugs offers a paradigm shift
in precision medicine. siRNA, derived from the natural RNA interference (RNAi) mecha-
nism, provides a unique capacity to selectively silence genes that drive cancer progression,
metastasis, and treatment resistance. These double-stranded RNA molecules, typically
20-25 nucleotides long, operate with remarkable specificity by targeting messenger RNA
(mRNA) sequences for degradation, thereby halting the synthesis of oncogenic or survival-
promoting proteins [7-10]. This precise mode of action allows siRNA to directly modulate
critical molecular pathways, enhancing the efficacy of anticancer drugs by sensitizing
cancer cells to their effects. For example, siRNA targeting oncogenes such as Bcl-2 has been
shown to promote apoptosis, amplifying the pro-apoptotic impact of chemotherapeutic
agents [11,12], while silencing VEGF can suppress angiogenesis, thereby synergizing with
anti-angiogenic drugs [13,14].

What distinguishes this dual therapeutic strategy is its ability to tackle cancer on mul-
tiple fronts simultaneously, offering a degree of specificity and adaptability that surpasses
conventional monotherapies. By combining siRNA with existing chemotherapeutic or tar-
geted agents, this approach enables the concurrent disruption of complementary molecular
pathways, amplifying therapeutic efficacy while mitigating the toxicities associated with
higher drug doses. Moreover, siRNA’s capacity to selectively downregulate genes impli-
cated in drug resistance mechanisms, such as ATP-binding cassette (ABC) transporters,
addresses one of the most persistent challenges in cancer treatment: overcoming resistance
to established therapies. Despite these promising attributes, several critical gaps remain
in the field. Foremost among these is the challenge of the efficient and tumor-specific
delivery of siRNA molecules. The instability of siRNA in biological environments, its
susceptibility to rapid degradation, and potential off-target effects limit its clinical utility.
Advances in nanotechnology and nanoparticle-based delivery systems have shown promise
in addressing these issues by enhancing the stability, bioavailability, and tumor-targeting
capacity of siRNA; yet, widespread clinical application remains constrained by logistical
and regulatory hurdles [7-9].

Another pressing gap lies in the need to fully integrate siRNA-based therapies into per-
sonalized medicine frameworks. While siRNA offers unparalleled precision, its therapeutic
success hinges on the accurate identification of patient-specific genetic vulnerabilities. This
demands sophisticated diagnostic tools and biomarkers capable of guiding the selection of
siRNA targets and optimizing combination regimens based on individual tumor profiles.
Furthermore, the potential for siRNA to modulate the tumor microenvironment and aug-
ment immunotherapy responses remains an underexplored frontier that could unlock new
therapeutic avenues [15-17].

This review seeks to advance the understanding of siRNA-based combination ther-
apies by delving into the molecular mechanisms underlying siRNA activity and its role
in complementing traditional anticancer drugs. We highlight critical gaps in the field,
including delivery challenges and the need for a more robust integration of siRNA with
personalized and immune-based therapies. By emphasizing these aspects, this review aims
to set the stage for future research that will harness the full potential of this innovative
therapeutic approach, ultimately transforming cancer treatment and offering new hope
for patients with resistant or aggressive disease phenotypes. The following sections will
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elaborate on the intracellular mechanisms of siRNA action and explore the advancements
in delivery platforms and therapeutic strategies that are shaping the future of oncology.

2. Unraveling the Mechanism: How siRNA Silences Gene Expression in
Cancer Cells

siRNA has emerged as a transformative tool in molecular biology and pharmacology,
particularly in the field of oncology. It leverages the RNAi pathway, a natural cellular
process for regulating gene expression and preserving genomic integrity [7,9,10]. This
section explores the molecular mechanisms behind siRNA'’s action, highlighting its potential
to improve cancer therapies outcomes by selectively silencing oncogenes involved in tumor
growth, metastasis, and resistance to conventional drugs.

siRNA is a short, double-stranded RNA molecule, typically 20-25 nucleotides in
length, engineered to precisely complement a target messenger RNA (mRINA) sequence.
Discovered in Caenorhabditis elegans in 1998, the RNAi pathway is a highly conserved
post-transcriptional gene-silencing mechanism. When siRNA is introduced into cells, it
triggers a cascade of molecular events that lead to the degradation of complementary
mRNA, preventing its translation into oncogenic proteins [18-20].

Effective intracellular delivery of this highly positive macromolecule requires com-
plexation with advanced nanomedicine platforms, including lipid nanoparticles (LNPs),
polymeric nanoparticles, viral vectors, liposomes, and dendrimers. These carriers can be
functionalized with targeting ligands, such as aptamers or peptides, to facilitate specific
cell-receptor-mediated endocytosis [8,20,21]. Once internalized, these delivery vehicles
traffic through endosomal compartments. Strategies to enhance the endosomal escape
include using pH-sensitive lipids or polymers that disrupt the endosomal membrane, thus
releasing siRNA into the cytoplasm [8,20,22].

Once released into the cytoplasm, the synthetic siRNA is unwound by an ATP-
dependent helicase, and the antisense (guide) strand is incorporated into the RNA-induced
silencing complex (RISC) (Figure 1). The RISC’s core protein, Argonaute (Ago), binds to
the guide strand and facilitates its pairing with the complementary mRNA [1,9,10]. The
guide strand’s selection is thermodynamically determined, with the strand having the
less-stable 5" end being loaded into the RISC, ensuring specificity and minimizing off-target
effects. The other strand, known as the passenger strand, is usually degraded. This careful
selection mechanism ensures that only the intended strand guides the RISC to the target
mRNA, reducing off-target effects and enhancing the specificity of gene silencing [7,9,10]
(Figure 1).

The activated RISC complex, loaded with the guide strand, scans the cytoplasm for
complementary mRNA sequences. Silencing depends on near-perfect base pairing be-
tween the guide strand and target mRNA, with the seed region (positions 2-8 of the guide
strand) playing a critical role in recognition. Even slight mismatches in this region can
significantly reduce silencing efficiency, highlighting siRNA'’s high specificity (Figure 1).
Upon binding to its target, the Ago2 protein catalyzes the cleavage of the mRNA, usually
at the midpoint of the siRNA-mRNA duplex, leading to the rapid degradation of mRNA
fragments by exonucleases, thereby preventing protein translation [7,9,10]. The RNAi pro-
cess provides sustained gene silencing, as the RISC-siRNA complex can undergo multiple
rounds of mRNA cleavage, amplifying the silencing effect. However, the duration of this
effect depends on several factors, such as siRNA stability, mRNA turnover rate, and the
half-life of the RISC complex. In cancer therapy, where high cell proliferation and rapid
mRNA turnover are common, repeated siRNA administration may be required to maintain
therapeutic efficacy [7,9,10,18].



Onco 2025, 5, 2

40f 31

@ Nanoparticle loaded with siRNA

Receptor-mediated or receptor-
independent endocytosis

Extracellular matrix

e | Endosomal complex

Cyoptsm
Free siRNA m%

@i o
pstlnall

RISC passenger (sense) strand
cleavage of siRNA
RISC guide (antisense) sh‘am'd
l RISC activation

,\r,%\ -
SR

e e S,

Targeted mRNA cleavage

Figure 1. Mechanism of siRNA gene silencing via nanoparticle-based systems. Nanoparticles loaded
with siRNA are delivered to target cells, utilizing either receptor-mediated or receptor-independent
endocytosis for cellular internalization. This process ensures targeted delivery and minimizes off-
target effects. Once internalized, nanoparticles are trapped within the endosomal compartment.
Efficient endosomal escape, facilitated by nanoparticle design or pH-sensitive components, is critical
for releasing free siRNA into the cytoplasm, avoiding degradation within lysosomes. In the cytoplasm,
the free siRNA duplex undergoes strand separation, with the antisense (guide) strand incorporated
into the RNA-induced silencing complex (RISC). The passenger (sense) strand is degraded during this
period. The activated RISC, guided by the antisense strand, identifies complementary target mRNA
within the cell. This high specificity ensures that only the intended mRNA sequence is targeted for
degradation. Upon binding to the target mRNA, RISC facilitates precise cleavage and degradation,
leading to effective gene silencing. This process disrupts the expression of genes implicated in
tumorigenesis, drug resistance, or other pathological pathways.

The versatility of siRNA allows it to target multiple genes either simultaneously or
sequentially, making it an ideal strategy for addressing the complex nature of cancer [7,9,10].
Unlike conventional small-molecule drugs, which often modulate protein function, siRNA
directly reduces the expression of specific genes, potentially overcoming resistance mech-
anisms linked to gene amplification or mutation. Overall, understanding the molecular
mechanisms of siRNA action lays a crucial foundation for its application in cancer therapy.
By precisely silencing oncogenes, tumor suppressor genes, or genes involved in drug resis-
tance, siRNA can significantly enhance the efficacy of conventional treatments, mitigate
adverse effects, and potentially overcome treatment resistance.
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3. Optimizing Synergistic Combinations: The Science Behind Rational
siRNA and Drug Pairings

The development of combinatory therapies involving siRNA and anticancer drugs
marks a transformative advance in cancer treatment, addressing the multifaceted chal-
lenges faced by traditional modalities [1,15,17]. While conventional chemotherapy and
targeted therapies have made significant strides, their limitations—such as drug resistance,
lack of specificity, and severe side effects—often hinder optimal patient outcomes [6,15].
Integrating siRNA, which can specifically silence genes driving cancer progression, drug
resistance, and tumor survival, with conventional anticancer drugs presents an opportu-
nity to enhance therapeutic efficacy and improve clinical outcome. The result is a dual
mechanism where siRNA sensitizes tumor cells to the drug by inhibiting compensatory
pathways, while the anticancer drug amplifies the effects of siRNA by creating an environ-
ment more conducive to gene silencing (e.g., via enhanced cellular uptake or stress-induced
vulnerability) [9,10,18] (Figure 2).
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Figure 2. Primary advantages of siRNA-drug combination therapies in cancer treatment. There are
four main advantages of siRNA-drug combination therapies: (1) targeted gene silencing; (2) enhanced
therapeutic efficacy; (3) reduced toxicity; and (4) overcoming drug resistance. Each of these advan-
tages contributes to a more effective, personalized, and safer approach to cancer treatment. First,
targeted gene silencing is achieved through siRNA, which selectively silences genes that are overex-
pressed or uniquely expressed in cancer cells, minimizing off-target effects and preserving healthy
tissues. This precision reduces side effects while effectively disrupting key oncogenic pathways.
Second, the enhanced therapeutic efficacy of the combination is highlighted, as siRNA can sensitize
tumors to chemotherapy or targeted therapies, improving overall response rates and overcoming
resistance mechanisms. Third, the reduction in toxicity is demonstrated, as siRNA-drug combinations
allow for the more precise targeting of cancer cells, reducing the required doses of conventional drugs
and subsequently lowering treatment-related side effects. Finally, siRNA can block the expression of
genes responsible for drug resistance, restoring the effectiveness of anticancer drugs that tumors may
have become resistant to, and improving overall response to therapy.

A key motivation for combining siRNA with traditional anticancer drugs is to over-
come drug resistance, a major obstacle in the successful treatment of cancer [23,24] (Figure 2).
Drug resistance arises through multiple mechanisms, including overexpression of drug
efflux pumps (e.g., P-glycoprotein (P-gp) encoded by the MDR1 gene), enhanced DNA
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repair mechanisms, mutations in drug targets, and the activation of alternative survival
pathways [25-27]. For example, the upregulation of the MDR1 gene leads to an increased
efflux of chemotherapeutic agents, reducing their intracellular concentration and therapeu-
tic efficacy [27]. By co-administering siRNA designed to target and downregulate MDR1,
researchers have demonstrated the enhanced intracellular retention of chemotherapeutics
such as doxorubicin and paclitaxel [28,29]. This dual approach not only boosts drug effi-
cacy, but also allows for the targeting of complementary pathways, such as DNA repair
pathways (e.g., PARP—(poly (ADP-ribose) polymerase) or anti-apoptotic genes (e.g., Bcl-
2—B-cell lymphoma 2), further sensitizing tumor cells to treatment [30,31]. The inhibition
of PARP, for example, can make cancer cells more susceptible to DNA-damaging agents,
while targeting Bcl-2 enhances apoptosis induced by chemotherapeutic drugs [11,12,32].

Traditional chemotherapies often lack tumor specificity, resulting in significant toxicity
to healthy tissues and dose-limiting side effects that compromise treatment outcome and
patients” quality of life [3-5]. As previously explained, siRNA can be designed to specifi-
cally target oncogenes or genes involved in key cancer-promoting pathways, such as KRAS
(Kirsten rat sarcoma virus), MYC, or VEGF (vascular endothelial growth factor), thereby se-
lectively inhibiting tumor growth while sparing normal cells [18,33] (Figure 2). For example,
siRNA targeting mutant KRAS has shown to be effective in preclinical studies by inhibiting
tumor cell proliferation without affecting normal cells [34,35]. Therapeutic siRNA com-
bined with conventional chemotherapy might aid these medicines to concentrate in tumor
cells, whereas its ability to downregulate genes involved in cancer cell-specific processes,
such as angiogenesis (e.g., VEGF), invasion (e.g., MMPs—matrix metalloproteinases), and
metastasis (e.g., epithelial-to-mesenchymal-related genes), adds a layer of precision by
targeting the unique vulnerabilities of cancer cells while minimizing collateral damage to
healthy cells [2,15,16].

Combinatory therapy using siRNA also allows for a more focused attack on cancer
cells, especially when paired with drugs that induce DNA damage, disrupt microtubule
formation, or block enzymes essential for cell proliferation. Many of these drugs are
cytotoxic to both rapidly dividing cancer cells and healthy cells, such as those in the bone
marrow or gastrointestinal tract, leading to substantial side effects [6,15]. Combining siRNA
that targets anti-apoptotic genes (e.g., Bcl-2, Bcl-xL—B-cell lymphoma-extra-large) with
apoptosis-inducing agents (e.g., doxorubicin, cisplatin) enhances programmed cell death in
cancer cells by both inducing DNA damage and blocking the cell’s ability to repair that
damage [12,32,36]. This synergistic effect can improve treatment efficacy and reduce the
required drug dose, thereby lowering the risk of side effects (Figure 2).

Moreover, therapeutic doses of chemotherapy are frequently associated with systemic
toxicities, including myelosuppression, neurotoxicity, cardiotoxicity, and gastrointestinal
complications [4,6]. The combination of siRNA and anticancer drugs allows for dose
reduction while maintaining therapeutic efficacy, as siRNA enhances the drugs’ tumor-
specific action [4,6,10] (Figure 2). As an example, siRNA targeting VEGF, when combined
with paclitaxel, enhances tumor response by inhibiting angiogenesis, enabling lower doses
of the cytotoxic agent [14,37]. This reduction in dose may alleviate the adverse effects
commonly seen with standard chemotherapy regimens.

The rise of siRNA-based combination therapies aligns with the broader trend toward
personalized and precision medicine in oncology. With the growing understanding of
cancer’s genetic and molecular heterogeneity, therapies can be tailored to the unique genetic
profile of an individual’s tumor. siRNA technology offers a customizable to target specific
oncogenes, tumor suppressor genes, or other molecular drivers aberrantly expressed in
each patient’s cancer [7,9,18]. For instance, in cancers harboring mutations in genes like
HER?2 (human epidermal growth factor receptor 2) or EGFR (epidermal growth factor
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receptor), siRNA can be specifically designed to silence these mutated alleles, providing a
more personalized and precise treatment while sparing normal alleles [38—40]. Combining
siRNA with chemotherapy or other targeted therapies facilitates addressing the unique
molecular landscape of each tumor, potentially overcoming the limitations of one-size-fits-
all approaches.

A critical challenge that remains in siRNA therapy is its delivery and stability [2,15,17].
Naked siRNA is rapidly degraded by nucleases in the bloodstream, experiences rapid
renal clearance, and shows poor cellular uptake [9,18]. To overcome these challenges,
advanced delivery systems, such as nanoparticles, liposomes, and viral vectors, have been
developed to protect siRNA, improve its stability, and promote targeted delivery to tumors.
These delivery platforms can be co-engineered to carry both siRNA and chemotherapeutic
agents, allowing synchronized release at the tumor site and maximizing the therapeutic
potential of the combination [20,21,41]. For example, lipid-based nanoparticles have been
designed to co-deliver siRNA targeting HIF1x (Hypoxia-Inducible Factor 1-alpha) and
gemcitabine, improving drug retention and increasing tumor cell death in pancreatic cancer
models [42,43].

Nevertheless, achieving these benefits critically depends on optimizing the dosage
and timing of each component, which poses significant challenges. The intricate interplay
between siRNA's gene-silencing effects and the pharmacological action of anticancer drugs
complicates dosage optimization. siRNA must achieve sufficient intracellular concentra-
tions to silence target gene expression effectively, while the anticancer drug must act on its
specific molecular target or cellular process. The incorrect dosing of either agent can lead
to suboptimal outcomes, including antagonistic effects where one agent interferes with the
other’s efficacy, or additive toxicities that exacerbate adverse side effects [15].

Additionally, siRNA delivery systems, such as nanoparticles, often exhibit distinct
pharmacokinetics and biodistribution profiles compared to traditional drugs. These dif-
ferences necessitate the careful synchronization of the delivery kinetics to ensure both
agents reach the tumor microenvironment simultaneously and at therapeutically rele-
vant concentrations. Timing is especially critical in therapies targeting dynamic pro-
cesses, such as angiogenesis or cell cycle regulation, where precise coordination can
maximize therapeutic synergy [44,45]. Advances in computational modeling, pharma-
cokinetic/pharmacodynamic (PK/PD) studies, and high-throughput screening are aiding
in the design of optimal dosing regimens. However, these methods require extensive
preclinical data and validation in relevant in vivo models, adding to the complexity and
time required for preclinical development.

4. Next-Generation siRNA Therapeutics: Addressing Off-Target
Challenges and Immune Responses

Despite its therapeutic potential, siRNA therapy faces several obstacles, primarily
related to delivery. Challenges include ensuring siRNA stability in the bloodstream, en-
hancing delivery to target cells, achieving efficient endosomal escape, and avoiding off-
target effects or immune activation [7,9,18]. Recent innovations in chemical modifications,
nanoparticle design, and targeting strategies have significantly advanced the safety and
efficiency of siRNA-based therapies. By addressing off-target effects, immune activation,
and delivery challenges, these approaches pave the way for more precise and effective
therapeutic applications, particularly in oncology [8-10].

4.1. Chemical Modifications to siRNA

Chemical modifications to siRNA are integral to advancing its application as a ther-
apeutic platform, addressing key challenges such as poor stability, inefficient delivery,
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immunogenicity, and off-target effects. Unmodified siRNA is prone to rapid degradation
by endogenous nucleases, limiting its half-life and therapeutic efficacy in biological envi-
ronments. To overcome this limitation, various modifications to the ribose sugar, phosphate
backbone and nucleobases have been employed. Notable examples include 2’-O-methyl
(2’-OMe) and 2’-fluoro (2'-F) modifications on the ribose sugar, which enhances nuclease
resistance while retaining compatibility with the RISC. Additionally, phosphorothioate
(PS) linkages, where oxygen atoms in the backbone are replaced with sulfur, further boost
stability in serum and facilitate endosomal escape, enhancing intracellular delivery [21,46].

Another challenge with unmodified siRNA is its potential to activate innate immune
responses via Toll-like receptors (TLRs), particularly TRL3, TLR7, and TLR8. This im-
munogenicity can result in cytokine release and systemic inflammation, posing significant
safety risks in clinical settings. Modifications such as 2-OMe and locked nucleic acids
(LNAs) in specific regions of the siRNA duplex can mitigate these responses, maintaining
target specificity while reducing immune activation. Beyond stability and immunogenicity,
chemical modifications significantly improve siRNA specificity, minimizing the unintended
silencing of off-target genes. Mismatches between the siRNA guide strand and off-target
mRNA sequences can cause undesirable gene silencing, leading to toxicity. Modifications
to the seed region (the first 2-8 nucleotides of the guide strand) have been shown to refine
complementarity and reduce off-target effects, ensuring precise gene silencing [21,46].

Chemical modifications also play a pivotal role in optimizing siRNA delivery. En-
hanced pharmacokinetic and pharmacodynamic properties allow siRNA to integrate more
effectively with advanced delivery platforms, such as nanoparticle systems. Ligand conju-
gation, such as attaching N-acetylgalactosamine (GalNAc) to siRNA molecules, enables tar-
geted delivery to specific cell types, like hepatocytes, through asialoglycoprotein-receptor-
mediated endocytosis. This strategy minimizes off-target accumulation in non-relevant
tissues, improving therapeutic outcomes. Hybrid RNA-DNA constructs and chemically
modified siRNA aptamers are emerging as additional tools to expand delivery efficiency
and specificity [21,46].

However, while chemical modifications enhance the therapeutic profile of siRNA,
they must be carefully designed to avoid unintended cytotoxicity or impaired silencing
function. Over-modification, particularly in the backbone, can disrupt the structural
integrity of siRNA, affecting RISC loading or mRNA binding. Therefore, achieving the
right balance between stability, immunocompatibility, and functionality is essential during
the design phase.

4.2. Nanoparticle-Based Delivery Systems for siRNA Therapeutics

Nanoparticle-based delivery systems are at the cutting edge of siRNA therapeutic
advancements, providing innovative solutions to overcome challenges associated with sta-
bility, bioavailability, targeted delivery, and biological barriers. These platforms safeguard
siRNA from enzymatic degradation, enhance delivery efficiency, and enable tumor-specific
targeting. However, each system has inherent trade-offs related to safety, biocompatibility,
and efficiency. Here, key nanoparticle technologies and their advancements and limitations
in, and their role in, optimizing siRNA delivery are highlighted [20,21].

Probably the most common utilized delivery nanosystem, lipid nanoparticles (LNPs)
have emerged as the most clinically advanced vehicles for siRNA delivery, with their
success exemplified by FDA-approved therapies such as patisiran [47,48]. LNPs typi-
cally consist of ionizable lipids, phospholipids, cholesterol, and PEG-lipids, forming a
highly stable delivery system that enables effective siRNA encapsulation and endosomal
escape. Recent advancements have introduced ionizable lipids with optimized pKa values
to enhance endosomal release and minimize cytotoxicity. However, challenges remain
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regarding potential immune activation and off-target effects. Strategies such as PEGylation
or lipid chemical modifications have been employed to reduce immunogenicity and extend
circulation time [47,48]. As an alternative to LNPs, polymeric nanoparticles, including
biodegradable polymers such as poly (lactic-co-glycolic acid) (PLGA) and chitosan, provide
a versatile platform for siRNA delivery. These systems offer controlled release profiles and
high loading capacities. Innovations such as functionalized polymers with tumor-specific
ligands (e.g., folic acid or RGD peptides) have enhanced selective tumor uptake. However,
their immunogenic potential and potential for incomplete degradation in vivo are areas of
active research to ensure safety and biocompatibility [47,48].

Gold nanoparticles (AuNPs) have gathered attention due to their tunable size, ease of
functionalization, and inherent biocompatibility. siRNA can be attached to AuNPs through
thiol or electrostatic interactions, enabling stable and targeted delivery. Recent innova-
tions involve coating AuNPs with cell-penetrating peptides or tumor-targeting ligands to
improve delivery efficiency [49,50]. Despite their promise, concerns regarding long-term
accumulation and cytotoxicity must be addressed through rigorous preclinical evaluation.
On the other hand, mesoporous silica nanoparticles (MSNs) offer unique advantages such
as high surface area and pore volume, which enable efficient siRNA loading and controlled
release. Functionalization with tumor-targeting molecules, pH-sensitive gates, or stimuli-
responsive materials has been explored to improve their specificity and reduce off-target
effects. While promising, their biodegradability and potential immunogenicity remain
critical concerns for clinical translation [51,52].

Magnetic nanoparticles provide an innovative means to guide siRNA to target tissues
using external magnetic fields. These systems can be functionalized with siRNA and surface
ligands for active targeting. Additionally, their use in theranostics (therapy and diagnostics)
offers unique opportunities for imaging-guided siRNA delivery. Safety concerns, partic-
ularly regarding iron overload and oxidative stress, must be addressed to advance these
systems toward clinical applications [53]. In contrast, stimuli-responsive nanoparticles
that release siRNA in response to specific triggers, such as pH, temperature, or enzymatic
activity, have been developed to enhance precision. For example, pH-sensitive lipid or
polymeric systems release siRNA in the acidic tumor microenvironment or endosomes,
reducing off-target effects. This approach enhances therapeutic efficacy while minimizing
systemic toxicity. Despite their potential, the scalability and robustness of such systems
remain challenges for industrial production [20,24,46].

In recent years, researchers have been developing extracellular vesicles (EVs), includ-
ing exosomes, that comprise a biologically inspired delivery system capable of leveraging
the body’s natural pathways for siRNA delivery. EVs are inherently biocompatible, exhibit
low immunogenicity, and can cross biological barriers such as the blood-brain barrier.
Recent advances include engineering EVs with tumor-homing peptides or siRNA cargo
modifications to improve targeting efficiency. However, challenges in large-scale produc-
tion and reproducibility remain barriers to widespread adoption [54,55]. Furthermore,
hybrid nanoparticles, combining the benefits of multiple materials (e.g., lipid-polymer or
lipid-inorganic hybrids), offer a promising approach to enhance siRNA delivery. These sys-
tems integrate the stability of polymers with the functional versatility of lipids or inorganic
materials. For instance, lipid-coated PLGA nanoparticles have demonstrated improved
endosomal escape and tumor-specific delivery. However, further studies are needed to
optimize their physicochemical properties for clinical use [56].

While each nanoparticle system offers distinct advantages, none are without limita-
tions. Immune activation, long-term safety concerns, and scalability challenges persist
across platforms. Ongoing research is essential to refine these technologies, focusing on en-
hancing specificity, biocompatibility, and delivery efficiency. Collaborative efforts between
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academia, industry, and regulatory agencies are crucial to translating these advancements
into clinically viable siRNA-based therapies.

4.3. Targeting Strategies to Minimize Off-Target Effects

One of the primary challenges in siRNA therapy is the mitigation of off-target effects,
which can lead to unintended gene silencing or toxicity in non-target cells. Recent advances
in targeting strategies offer innovative solutions to enhance the precision and efficacy of
siRNA delivery, significantly reducing its uptake by non-target cells. Below, we detail
three key approaches that exemplify the cutting-edge strategies employed to achieve this
goal: (1) ligand-based targeting; (2) pH-responsive and stimuli-responsive systems; and (3)
cleavable linkers [20,21,41].

Functionalizing nanoparticles or siRNA with ligands that bind specifically to receptors
overexpressed on tumor cells has emerged as a highly effective targeting mechanism. Re-
ceptors such as transferrin, folate, or specific tumor-associated antigens serve as molecular
beacons for ligand-conjugated delivery systems. For example, transferrin-functionalized
nanoparticles exploit the high expression of transferrin receptors in rapidly proliferating
tumor cells, facilitating selective uptake. Alternatively, folate-conjugated systems leverage
the ubiquitous overexpression of folate receptors in certain cancers, ensuring enhanced pre-
cision. Last but not least, aptamer-based targeting, which uses short nucleic acid sequences,
offers a high degree of specificity by recognizing unique molecular signatures on the tumor
surface. This approach minimizes siRNA exposure to normal tissues, reducing systemic
toxicity while improving therapeutic outcomes [16,20,57].

Furthermore, tumor microenvironments are characterized by unique conditions, such
as acidic pH, hypoxia, and elevated glutathione levels, which can be exploited to enhance
delivery specificity. Nanoparticles designed with stimuli-responsive materials release
their siRNA payloads in response to these triggers: (1) pH-sensitive materials destabilize
under acidic conditions, releasing siRNA specifically in the tumor milieu or within the
acidic endosomal compartments of cancer cells, (2) hypoxia-responsive systems utilize
oxygen-sensitive linkers or materials that degrade in low-oxygen environments typical
of tumors, and (3) glutathione-sensitive nanoparticles release siRNA in the presence of
elevated intracellular glutathione levels, common in many cancer cells [58,59]. Such systems
reduce off-target delivery by ensuring controlled release at the tumor site while sparing
healthy tissues.

One final strategy is the incorporation of cleavable linkers sensitive to intracellular
enzymes that provide another layer of delivery specificity. These linkers ensure that
siRNA is released only within target cells, minimizing unintended effects in non-target
tissues. They can either be enzyme-sensitive linkers, such as those cleaved by cathepsins or
esterases, which are activated in the lysosomal or cytosolic environment of target cells, or
dual-cleavable linkers, which respond to both pH and enzymatic triggers, further enhancing
the precision of release [60,61].

4.4. Advances in Endosomal Escape Mechanisms for siRNA Delivery

Endosomal escape remains one of the most significant hurdles in achieving effec-
tive siRNA-based therapeutics. After internalization via endocytosis, siRNA must escape
the endosomal compartment to avoid lysosomal degradation and exert its gene-silencing
effects in the cytoplasm. Innovations in this field have focused on designing systems
and methodologies that enhance endosomal disruption while maintaining safety and ef-
ficiency [62,63]. As previously explained, pH-sensitive nanoparticles exploit the acidic
environment within endosomes (pH ~5-6) to trigger conformational changes or mem-
brane disruption. These nanoparticles are typically designed with materials that remain
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stable in neutral pH but destabilize under acidic conditions, facilitating endosomal escape.
For example, ionizable lipids in LNPs acquire a positive charge in acidic environments,
promoting interaction with negatively charged endosomal membranes, which results in
destabilization and the release of the siRNA payload. Additionally, polymers like poly
(B-amino esters) exhibit pH-dependent swelling or degradation, aiding in the rupture of
endosomal membranes [62,63].

Incorporating fusogenic peptides or membrane-disrupting polymers into delivery
systems has proven highly effective in improving endosomal escape. Fusogenic peptides,
such as those derived from viral proteins, mimic the mechanisms viruses use to enter the
cytoplasm, destabilizing endosomal membranes through lipid bilayer fusion. Similarly,
cationic polymers like polyethyleneimine (PEI) exert a “proton sponge effect”, causing
osmotic swelling and endosomal rupture. Advances in peptide engineering have also led to
the development of pH-responsive and tumor-targeted fusogenic peptides that selectively
enhance escape while minimizing systemic toxicity [60,62,63].

Emerging technologies such as photothermal or ultrasound-assisted endosomal escape
have gained attention for their ability to trigger endosomal disruption through external
stimuli. Photothermal approaches employ nanoparticles that convert light energy into
heat, which destabilizes endosomal membranes. For instance, gold nanoparticles or carbon
nanotubes functionalized with siRNA are irradiated with near-infrared light, generating
localized heat to release their cargo. Similarly, ultrasound-assisted methods utilize mi-
crobubbles or nanoparticles that respond to ultrasonic waves, producing mechanical forces
or heat that disrupt endosomes. These strategies are particularly attractive for localized
and precise delivery applications [60,62,63].

While these innovations represent significant progress, challenges remain in opti-
mizing their safety profiles and scalability. pH-sensitive systems must balance efficacy
with the risk of premature release or nonspecific interactions, while membrane-disrupting
polymers and peptides need further refinement to reduce cytotoxicity and immunogenicity.
Photothermal and ultrasound techniques, though promising, require the precise control of
external stimuli to avoid tissue damage.

5. Nanoparticle-Assisted Targeting of Oncogenes in
Combinatorial Therapy

The efficacy of siRNA-drug combination therapies is heavily influenced by the iden-
tification of appropriate gene targets and, critically, the development of sophisticated
delivery systems [1,2,64]. Nanoparticle-based platforms have become the leading method
for siRNA delivery, providing a versatile tool to co-deliver both siRNA and chemother-
apeutic agents by tuning their physical and chemical properties [8,20,21]. This section
delves into the selection of key gene targets for siRNA-drug combinatorial therapies and
the pivotal role that nanoparticle systems play in enhancing intracellular delivery, stability,
and therapeutic outcomes.

Gene targets for siRNA in cancer therapy can be broadly classified into three categories:
(1) genes involved in drug resistance; (2) genes essential for tumor survival, and (3) genes
selectively expressed in cancerous tissues [24,64] (Figure 3). However, one of the major
obstacles to effective siRNA-based therapy is the inherent instability of siRNA molecules in
biological systems. Their rapid degradation in the bloodstream, short half-life due to renal
clearance, and potential for immune activation compromise therapeutic efficacy [7,18,64].
As explained in the previous section, nanoparticles address these limitations by providing a
protective carrier for siRNA, ensuring enhanced delivery, cellular uptake, and stability. The
ability to functionalize nanoparticles with ligands, such as hyaluronic acid (HA), peptides,
or antibodies, enables the precise targeting of cancer cells via ligand—receptor interactions.
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This targeted approach significantly enhances the accumulation of nanoparticles at tumor
sites, reducing off-target effects and limiting the toxicity commonly seen with conventional
therapies [16,20,21]. Nanoparticles can also be engineered for stimulus-responsive release,
enabling controlled drug and siRNA delivery based on specific conditions in the tumor
microenvironment (Figure 3). As an example, pH-sensitive nanoparticles release their cargo
in response to the acidic environment commonly found in tumors, enhancing localized
therapeutic effects while minimizing systemic toxicity [8,20]. This stimulus-responsive
behavior allows for precise control over drug and siRNA bioavailability at the tumor site,
further enhancing the therapeutic index.

Nanoparticle loaded with siRNA
+ chemotherapeutic drug
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Figure 3. Mechanism of action for siRNA-drug combination therapy in cancer treatment. The

nanoparticles are engineered to carry both siRNA and chemotherapeutic agents, facilitating targeted
delivery to cancer cells. These nanoparticles are taken up by tumor cells through receptor-mediated
or receptor-independent endocytosis. Once inside the cell, these systems must escape from the
endosomal complex to prevent degradation in the lysosomes. Successful escape releases both siRNA
and the chemotherapeutic drug into the cytoplasm. On the one hand, the (free) siRNA silences
specific genes involved in tumor survival proliferation or drug resistance by binding to mRNA and
preventing protein synthesis. This gene silencing inhibits critical pathways for cancer cell growth
and survival, such as genes uniquely expressed in tumor tissues or those involved in resistance
mechanisms. On the other hand, the released chemotherapeutic drug exerts its antitumor effect,
attacking cancer cells through traditional cytotoxic mechanisms. The combination of siRNA-mediated
gene silencing and drug-induced cytotoxicity enhances the overall therapeutic efficacy, helping to
overcome drug resistance and improve patient outcomes. This dual approach also targets tumors
more precisely while minimizing off-target effects and damage to healthy tissues.

Various nanoparticle types, including LNPs, polymeric nanoparticles, dendrimers, and
MSNSs, have been extensively explored for this purpose. Among these, LNPs are the most
clinically advanced and have shown efficacy in delivering siRNA in multiple cancer mod-
els. For instance, LNPs loaded with siRNA targeting KRAS mutations have demonstrated
marked success in reducing tumor growth in models of lung cancer [34]. The protective
lipid bilayer of LNPs not only shields siRNA from degradation but can also be modified
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with surface ligands to enhance the targeting of specific tumor cells [21,65]. Polymeric
nanoparticles, such as those made from PLGA, provide another robust delivery strategy.
These systems can co-encapsulate both siRNA and chemotherapeutics, enabling synchro-
nized controlled release at the tumor site, and enhancing therapeutic synergy [8,20,21]. A
notable example is PLGA nanoparticles co-loaded with siRNA targeting FAK (focal adhe-
sion kinase), and the chemotherapeutic drug paclitaxel, which demonstrated enhanced
apoptosis in epithelial ovarian cancer cells through their combined action [66].

The co-delivery potential of nanoparticle systems represents a significant advance in
cancer therapy, as they follow the simultaneous targeting of multiple pathways involved
in cancer progression and drug resistance [16,20] (Figure 3). MSNs, with their high sur-
face area and pore volume, are particularly well-suited for loading both small molecule
drugs and siRNA. Functionalizing with ligands, such as antibodies or peptides, improves
tumor-specific delivery [28], as demonstrated by studies in which MSNs loaded with
siRNA targeting ABCB1 and the chemotherapeutic agent doxorubicin successfully reversed
multidrug resistance in cervix cancer cells [67], greatly enhancing the cytotoxic effect of
doxorubicin [36]. By synchronizing the release of both agents, nanoparticle-based systems
can achieve a more potent therapeutic effect while potentially lowering the required doses
of each drug, reducing toxicity.

The success of nanoparticle-based delivery systems is contingent on efficient cellular
uptake and the ability to release their therapeutic payloads within the target cells [57].
Many nanoparticles exploit receptor-mediated endocytosis to enter cancer cells by tar-
geting overexpressed receptors such as transferrin or folate receptors. Once internalized,
these systems must escape the endosomal compartment to release their siRNA payloads
into the cytoplasm (Figure 3), where RISC can process and execute gene silencing [7,9,10].
pH-sensitive nanoparticles can trigger endosomal escape by destabilizing the endosomal
membrane in response to acidic environment, facilitating siRNA release into the cyto-
plasm [16,22,33]. Cationic lipids, frequently used in LNPs, also promote endosomal escape
through mechanisms like membrane fusion or pore formation, enhancing the bioavailability
of siRNA inside the target cells [22,43].

Despite the promise of nanoparticle-based systems, several challenges remain, such as
avoiding rapid clearance by the reticuloendothelial system (RES), achieving adequate tumor
penetration, and minimizing off-target effects [8,9,19]. Surface modification strategies, such
as PEGylation (coating nanoparticles with PEG), can extend circulation time by reducing
immune system recognition and clearance. Additionally, stimuli-responsive nanoparticles
that release their payload in response to specific tumor microenvironment cues, such as low
pH or high glutathione levels, provide enhanced control over delivery and reduce systemic
side effects [41].

In summary, nanoparticle-based delivery systems have revolutionized siRNA-based
combinatorial therapies by addressing critical challenges associated with the stability,
specificity, and co-delivery of therapeutic agents. These platforms offer innovative solutions
for the precise targeting and silencing of key genes involved in drug resistance, tumor
survival, and cancer progression, thereby enhancing the efficacy of siRNA in combination
with conventional chemotherapeutics. Continued advancements in nanoparticle design
and functionalization hold significant promise for translating these combination therapies
into clinical practice, opening new avenues in precision oncology.

5.1. Suppressing Cancer Resistance Genes with siRNA: Enhancing Chemotherapy Efficacy

Drug resistance remains a critical obstacle in cancer therapy, often leading to ther-
apeutic failure and poor patient prognosis. Resistance arises from a range of molecular
mechanisms, including drug efflux, enhanced DNA repair, mutations in drug targets, and
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the evasion of apoptosis. Key genes involved in these processes play significant roles in
diminishing the effectiveness of anticancer drugs [27,33,68].

Among these ABC transporters, particularly ABCB1 (also known as MDR1 or P-
gp) and ABCG2 (Breast Cancer Resistance Protein, BCRP), are well-established media-
tors of multidrug resistance in cancer. These membrane-bound proteins actively pump
chemotherapeutic drugs out of cancer cells, lowering intracellular drug concentrations and
thereby reducing their cytotoxic effects [27,65,69]. ABCBI1 is a notable efflux transporter
associated with resistance to several key chemotherapeutic agents, including paclitaxel,
doxorubicin, and vinblastine [27,65,69]. The overexpression of ABCB1 is frequently docu-
mented in cancers, such as ovarian [29], breast [70], and colorectal cancer [71]. For example,
high ABCB1 expression in ovarian cancer cells has been linked to reduced sensitivity
to paclitaxel, a standard chemotherapeutic agent [29]. More recently, Yang et al. (2021)
demonstrated that combining MDR1-targeted siRNA with doxorubicin in human serum
albumin-based nanoparticles in MCF-7/ ADR mouse model suppressed MDR1’s protein
expression, thereby promoting the retention of doxorubicin within the cancer cells, leading
to increased cytotoxicity. The combined action of doxorubicin-induced cytotoxicity and the
MDR1 siRNA-mediated reversal of drug resistance results in enhanced tumor cell death
and the inhibition of tumor growth [72]. This dual approach prevents efflux-mediated resis-
tance while maintaining the chemotherapeutic efficacy of doxorubicin [28]. ABCG2 plays a
similar role in drug resistance, particularly against agents like mitoxantrone, topotecan, and
methotrexate [73]. It is highly expressed in various cancers, including colon carcinoma and
lung cancer [74], where it confers resistance to topoisomerase inhibitors [75]. A study by
Bai and coworkers (2015) using siRNA to target ABCG2 in combination with Adriamycin
in MCEF-7 breast cancer cells demonstrated that silencing ABCG2 enhanced Adriamycin
drug retention and potentiated its cytotoxic effect [76]. The siRNA-mediated silencing of
ABC transporters effectively inhibits their synthesis, thereby restoring intracellular drug
accumulation. By preventing active drug efflux, this approach ensures that chemothera-
peutic agents, such as doxorubicin or paclitaxel, remain sequestered within cancer cells for
prolonged periods, allowing sufficient intracellular concentrations to induce robust cyto-
toxic effects. This combinatorial strategy not only overcomes transporter-mediated drug
resistance, but also maximizes the therapeutic efficacy of conventional anticancer agents,
highlighting the potential of siRNA-based interventions in multidrug-resistant cancers.

Another key mechanism of resistance involves the upregulation of DNA repair en-
zymes, such as PARP1 and ERCC1 (Excision Repair Cross-Complementation Group 1).
These proteins are essential for maintaining genomic stability, but also contribute to resis-
tance against DNA-damaging agents, including platinum-based chemotherapies and PARP
inhibitors [25,26]. PARP1 plays a vital role in the base excision repair pathway [25,26],
and its overexpression is associated with resistance to both PARP inhibitors, such as Ola-
parib [77], and platinum drugs, such as cisplatin [78]. In cancers harboring BRCA1/2
mutations, PARP inhibitors have shown clinical efficacy, though resistance frequently
emerges due to upregulated PARP1 activity [30,79]. siRNA-based therapies provide a
promising approach to address this resistance by selectively targeting DNA repair genes.
By silencing key repair factors like PARP1 and ERCC1, siRNA can sensitize cancer cells
to DNA-damaging agents, including cisplatin and doxorubicin. The knockdown of these
genes impairs cancer cells’ ability to repair chemotherapy-induced DNA damage, thereby
enhancing the efficacy of the treatment and overcoming chemoresistance. This strategy
exploits the reliance of resistant cancer cells on hyperactivated repair pathways, leading to
synthetic lethality and selective tumor cell death, particularly in repair-deficient tumors. A
2018 study demonstrated that siRNA-mediated PARP1 silencing significantly enhanced the
efficacy of docetaxel in prostate cancer cells by promoting apoptosis through the suppres-
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sion of EGFR and reduced the phosphorylation of GSK33 [80]. This effect was primarily
achieved via the inhibition of the EGF/Akt/FOXOL1 signaling pathway [31], highlining the
role of PARP1 in sustaining survival pathways in resistant cancer cells. Similarly, ERCC1, a
crucial component of the nucleotide excision repair (NER) pathway, is essential for repair-
ing DNA crosslinks induced by platinum-based chemotherapeutics [81]. Elevated ERCC1
expression has been strongly correlated with resistance to platinum drugs, particularly in
non-small cell lung cancer (NSCLC) [82,83] and other solid tumors [84,85]. In a recent study,
Xie and colleagues (2021) demonstrated that siRNA-mediated ERCC1, in combination with
olaparib, synergistically enhanced cisplatin sensitivity in NSCLC cells [86]. Mechanistically,
ERCC1 silencing induced cell cycle arrest at the G1 phase and triggered apoptosis through
the PI3K/ AKT-caspase-3 signaling pathway [87]. These findings underscore the therapeutic
potential of targeting DNA repair mechanisms with siRNA to overcome chemoresistance
and sensitize cancer cells to DNA-damaging agents.

Resistance to apoptosis, a defining hallmark of cancer, is frequently driven by the
overexpression of anti-apoptotic proteins such as Bcl-2 and Mcl-1 (myeloid cell leukemia 1).
These proteins suppress the intrinsic apoptotic pathway, enabling cancer cells to evade
programmed cell death in response to therapeutic agents [88-90]. Bcl-2, for instance,
prevents mitochondrial outer membrane permeabilization (MOMP), a critical step in apop-
tosis [88,90]. Its overexpression is closely associated with resistance to chemotherapeutics
such as cisplatin [91], venetoclax [32], and doxorubicin [36], particularly in cancers such as
chronic lymphocytic leukemia (CLL) and non-Hodgkin lymphoma [92]. Recent advance-
ments have explored nanoparticle-based co-delivery systems to target Bcl-2. For example,
Zhou et al. (2018), demonstrated that co-delivering doxorubicin with siRNA targeting Bcl-2
significantly enhanced apoptosis induction, underscoring the synergistic potential of this
combination therapy [93]. Additionally, Vu and coworkers (2020) reported that silencing
Bcl-2 with specific siRNA, in combination with doxorubicin, promoted both apoptosis
and autophagy through Bcl-2 downregulation and the upregulation of key autophagy
markers ATG5 (Autophagy Protein 5) and Beclin 1 [94]. Similarly, Mcl-1, another mem-
ber of the Bcl-2 family, is a pivotal regulator of chemoresistance, particularly in multiple
myeloma, acute myeloid leukemia (AML) [88-90], and breast cancer [95]. High Mcl-1
levels have been linked to resistance against various therapies, including anthracyclines,
proteasome inhibitors, and BH3-mimetics [32,88,89]. Recent studies indicated that silencing
Mcl-1 using siRNA enhances the efficacy of anticancer drugs, such as andrographolide
nanosuspensions [96] and doxorubicin [97], by promoting apoptosis in MCF-7 breast cancer
cells. Similarly, the co-delivery of the lipid-based delivery system, composed of an siRNA
targeting Mcl-1 and gemcitabine, exhibited increased cellular uptake, enhanced Mcl-1
downregulation efficacy, and inhibited the tumor in both in vitro and in vivo carcinoma
models, as demonstrated by Wang and colleagues (2019) [98]. Collectively, silencing key
antiapoptotic proteins like Bcl-2 and Mcl-1 using siRNA in combination with chemother-
apeutic agents effectively disrupts critical survival pathways, enhances the apoptotic
response, and helps to overcome drug resistance mechanisms. These findings highlight the
therapeutic potential of targeting apoptotic regulators to improve treatment outcomes in
resistant cancers.

Oncogenic mutations and the overactivation of key signaling pathways, such as KRAS
and PI3K/AKT/mTOR, are pivotal drivers of cancer cell proliferation, survival, and drug
resistance [99-101]. Mutations in the KRAS gene are particularly prevalent in various
cancers, including pancreatic, colorectal, and lung cancers [34]. These mutations result in
the constitutive activation of the RAS-MAPK signaling cascade, which drives uncontrolled
cell growth, enhances survival mechanisms, and contributes to resistance against targeted
therapies and chemotherapy agents [101,102]. Mechanistically, KRAS mutations impair
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GTPase activity, keeping KRAS in its active GTP-bound state, which continuously stimu-
lates downstream effectors such as RAF, MEK and ERK, fostering oncogenic signaling. In
addition, KRAS mutations interact with the PI3K/Akt/mTOR pathway, a critical signaling
axis regulating cell metabolism, survival, and proliferation. Crosstalk between these path-
ways amplifies drug resistance and adaptive responses, making them prime therapeutic
targets [101]. To address this, combinatorial strategies involving the siRNA-based silencing
of KRAS have shown considerable promise. Zarredar et al. (2019) demonstrated that the
combination of KRAS-targeted siRNA with the novel EGFR inhibitor AZD8931 in A549
lung adenocarcinoma cells synergistically induced apoptosis and reduced cell proliferation
rates [35]. This synergy likely arises from the simultaneous disruption of KRAS-driven
MAPK signaling and EGFR-mediated survival pathways, effectively limiting compensatory
signaling loops. Similar findings were reported in a recent study combining KRAS-specific
siRNA with the pan-PI3K inhibitor GDC-0941, which targets both the PI3K/Akt/mTOR
and RAS signaling pathways in https://www.sciencedirect.com/topics/pharmacology-
toxicology-and-pharmaceutical-science/ovary-cancer (accessed on 24 December 2024)
ovarian cancer cells [103]. This dual inhibition exerted synergistic antitumor effects by
simultaneously blocking KRAS-dependent proliferation and PI3K-drive survival signaling,
preventing pathway redundancy and adaptative resistance. These findings underscore the
potential of combinatorial siRNA-based therapies to target key oncogenic nodes, disman-
tling critical signaling networks that drive tumor progression and therapeutic resistance.

The PI3K/AKT/mTOR signaling pathway is a central regulator of cellular processes,
including growth, proliferation, metabolism, and survival. The hyperactivation of this
pathway, often resulting from genetic mutations, amplifications, or the overexpression of
its components, is a hallmark of many cancers. Such hyperactivation not only promotes
tumorigenesis, but also confers resistance to a range of treatments, including chemotherapy,
radiotherapy, and targeted agents [99,101,104]. The molecular mechanism underlying
this resistance involves enhanced survival signaling, reduced apoptotic responses, and in-
creased DNA repair efficiency, which collectively sustain tumor viability under therapeutic
stress. Recent advancements underscore the critical role of targeting the PI3K/Akt/mTOR
axis to overcome therapeutic resistance. Notably, a genome-wide siRNA screen conducted
by Gupte and coworkers (2015) in genetically engineered murine models of human os-
teosarcoma provided compelling evidence for the therapeutic potential of this approach.
The study integrated genetic and chemical screens with and without the DNA-damaging
doxorubicin. Both approaches revealed a significant overlap, with a profound enrichment
of the PI3K and mTOR pathways as critical nodes in osteosarcoma survival. The inhibi-
tion of these pathways, either through siRNA-mediated knockdown or pharmacological
inhibitors, led to heightened apoptosis and notable tumor regression. Further mechanistic
insight suggests that targeting PI3K/Akt/mTOR reduces survival signaling and sensitizes
cancer cells to apoptosis by downregulation and antiapoptotic proteins (e.g., Bcl-2) and
impairing DNA repair pathways [105].

Targeting genes that contribute to drug resistance, such as ABC transporters, DNA
repair enzymes, apoptosis regulators, and components of oncogenic signaling pathways,
represents a promising strategy for enhancing the efficacy of cancer therapies. Clinical
trials leveraging siRNA to downregulate these genes are showing encouraging results,
providing a foundation for the development of new combination therapies that could
overcome resistance and improve outcomes for cancer patients. Continued research and
clinical validation will be critical to fully realize the potential of siRNA-based strategies in
overcoming drug resistance.
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5.2. Enhancing Cancer Cell Death by Silencing Survival Genes with siRNA and Chemotherapy

Tumor survival is sustained by a complex network of genes that prevent apoptosis,
enable unchecked cell cycle progression, and facilitate adaptation to the hostile tumor
microenvironment. In many cancers, these survival pathways are constitutively active,
enabling malignant cells to resist conventional treatments, evade immune surveillance,
and adapt to metabolic stress [90,101,106]. Critical mediators of these processes include
the Bcl-2 family of proteins, inhibitors of apoptosis proteins (IAPs), and regulators of
hypoxia responses such as HIF-1« [90,101,107], which are promising targets for siRNA-
based therapies.

The Bcl-2 family is pivotal in regulating mitochondrial-mediated apoptosis, controlling
the balance between pro-apoptotic proteins (such as BAX and BAK) and anti-apoptotic
proteins (such as Bcl-2, Bcl-xL, and Mcl-1). The overexpression of antiapoptotic members,
such as Bcl-2, is a hallmark of many cancers, contributing to resistance against therapies
that induce apoptosis [90,92]. For example, Bcl-2 is overexpressed in numerous hematologic
malignancies, including CLL and follicular lymphoma, where it inhibits the release of cy-
tochrome c from mitochondria, blocking the caspase cascade required for apoptosis [90,92].
Recent studies highlight the potential of siRNA targeting Bcl-2 to enhance the efficacy of
standard chemotherapeutic agents [32,90]. For example, preclinical investigations demon-
strated that combining Bcl-2-specific siRNA with doxorubicin or AT-101 (a Bcl-2 inhibitor)
significantly increased apoptosis in MCF-7 breast cancer [12] and head and neck cancer
cells [11]. Additionally, a 2021 phase III trial (NCT04269902) demonstrated that venetoclax,
in combination with Obinutuzumab, significantly improved progression-free survival in re-
lapsed or refractory CLL [108]. While this trial did not directly involve siRNA, the findings
highlight the potential of targeting Bcl-2, which could be further optimized by siRNA-based
approaches to downregulate Bcl-2 expression more specifically and effectively [109]. Mcl-1,
another member of the Bcl-2 family, is frequently overexpressed in breast cancer, multiple
myeloma, and AML, where it acts as a key survival factor by sequestering pro-apoptotic
proteins and preventing apoptosis [88,95]. Unlike Bcl-2, Mcl-1's rapid turnover and dy-
namic regulation make it particularly challenging to target. siRNA targeting Mcl-1 has been
shown to reduce tumor growth and enhance sensitivity to BH3 mimetics, a class of drugs
that inhibit anti-apoptotic proteins [110]. For example, preclinical studies have demon-
strated that Mcl-1 siRNA can synergize with chemotherapeutic agents like bortezomib
and doxorubicin to induce apoptosis in resistant multiple myeloma cells [111] and breast
cancer cells [97]. Recently, ABBV-467, a highly selective Mcl-1 inhibitor, has entered a phase
I clinical trial (NCT04178902). ABBV-467 was shown to trigger rapid mechanism-based
apoptosis in Mcl-1-dependent tumor cells and inhibit tumor growth in xenograft models of
multiple myeloma and AML. The phase I trial revealed that, while ABBV-467 demonstrated
disease control in one patient, it also caused increased plasma cardiac troponin levels in 4
of 8 patients, likely reflecting a class effect of Mcl-1 inhibition [112]. These findings high-
light both the promise and challenges of targeting Mcl-1 in cancer therapy. Incorporating
the targeting of Mcl-1 by siRNA could enhance specificity, reduce off-target effects, and
overcome limitations of small-molecule inhibitors.

IAPs are a family of proteins that suppress apoptosis by directly inhibiting caspases,
the central executioners of the apoptotic pathway. Among the most studied IAPs are
XIAP (X-linked inhibitor of apoptosis protein), survivin (BIRC5), and c-IAP1/2 (cellular
inhibitor of apoptosis proteins 1 and 2). These proteins are often overexpressed in cancers,
contributing to therapy resistance by preventing the execution of apoptosis [113,114].
Survivin, in particular, is highly expressed in most cancers, including lung, colorectal, and
breast cancers, while being minimally expressed in normal adult tissues [115]. Survivin
not only inhibits apoptosis by suppressing caspase-3 and -7, but also regulates cell division
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and the mitotic spindle checkpoint [116-118]. siRNA targeting survivin has been shown to
reduce cancer cell proliferation, enhance apoptosis, and sensitize tumors to chemotherapy
and radiotherapy in various preclinical models [119-121]. For instance, survivin siRNA
enhanced the cytotoxic effects of paclitaxel in NSCLC cell lines [122,123]. A phase I clinical
trial explored the use of LY2181308, an antisense oligonucleotide targeting survivin mRNA,
in patients with advanced solid tumors [124]. Although the trial did not meet its primary
endpoint, it provided valuable insights into the challenges of targeting survivin and the
need for more effective delivery systems, potentially using siRNA with nanoparticle carriers
for improved stability and tumor targeting. Similarly, siRNA targeting XIAP has shown
promise in sensitizing cancer cells to chemotherapeutic agents like methotrexate and
cytarabine [125-127]. Xu et al. (2022) designed a preclinical study using XIAP siRNA
combined with a naturally occurring anticancer agent (gambogic acid) in a chitosan-based
cationic nanoemulsion and demonstrated enhanced apoptosis lung cancer cell models [128],
suggesting a potential strategy for overcoming resistance to conventional therapies.

HIF-1« is a transcription factor that is critical for cellular responses to hypoxia, a
hallmark of the tumor microenvironment. Through stabilization under hypoxic conditions,
HIF-1« transactivates genes involved in angiogenesis, glycolysis, and cell survival. The
overexpression of HIF-1« is associated with poor prognosis in many cancers, including
breast, prostate, and pancreatic cancers [129-131]. siRNA targeting HIF-1oc has emerged
as a promising strategy to inhibit tumor adaption to hypoxia [129,131]. Preclinical studies
have shown that siRNA against HIF-1x reduces angiogenesis, tumor growth, and metas-
tasis [42,132,133]. For instance, HIF-1a siRNA combined with gemcitabine, a first-line
chemotherapeutic drug, enhanced anti-tumor activity and reduced metastasis in pancreatic
cancer mouse models [42]. In 2013, a pilot trial investigated the use of EZN-2968, an
antisense oligonucleotide targeting HIF-1«, in patients with refractory solid tumors [134].
Although siRNA specifically targeting HIF-1o has not yet reached clinical trials [134], this
study provided the proof of concept of the potential of targeting hypoxia pathways to
improve treatment outcomes, especially when combined with conventional therapies.

The development of siRNA-based combinatorial therapies targeting tumor survival
genes represents a transformative strategy to overcome resistance and improve treatment
efficacy. Targeting the Bcl-2 family, IAPs, and HIF-1«x with siRNA holds significant promise,
particularly when integrated into nanoparticle delivery systems for enhanced specificity
and stability. While challenges remain, including delivery efficiency and regulatory ap-
proval, innovative approaches combining siRNA with chemotherapeutic agents are paving
the way for more effective and durable cancer treatments.

5.3. Exploiting Tumor-Specific Gene Expression for Targeted Therapy

Targeting genes that are selectively expressed or overexpressed in cancerous tissues,
while minimally or not at all expressed in normal tissues, represents a highly promising
strategy for developing effective, precise, and less toxic anticancer therapies. This speci-
ficity reduces the risk of off-target effects, minimizes collateral damage to healthy cells, and
enhances the therapeutic index of the treatment [135,136]. Engineered siRNA can silence
these cancer-specific genes, halting tumor progression, inducing apoptosis, or sensitizing
tumors to other therapeutic agents [7,18,33]. Below, we provide an overview of key onco-
genic targets, their roles in cancer, and advancements in siRNA-based therapies, including
combination approaches and recent preclinical or clinical studies exploring their potential.

VEGF is a master regulator of angiogenesis, enabling the formation of new blood ves-
sels to sustain tumor growth and metastasis by supplying oxygen and nutrients to rapidly
dividing cancer cells. VEGF is overexpressed in several cancers, including glioblastoma,
renal cell carcinoma, and colorectal cancer [137,138]. siRNA targeting VEGF downregulates
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angiogenic pathways, effectively reducing tumor vascularization and growth. For example,
preclinical studies demonstrate that VEGF-siRNA, when combined with chemotherapy
agents like itraconazole or paclitaxel, significantly inhibited tumor burden in breast [139]
and lung cancer models [14,140]. Molecularly, VEGF silencing interrupts the VEGF receptor
(VEGEFR) signaling cascade, leading to endothelial cell apoptosis and impaired tumor vas-
cularization. A phase I clinical trial involving ALN-VSP, a lipid nanoparticle formulation
of siRNA targeting VEGF and kinesin spindle protein (KSP), provided early evidence of
clinical applicability [37]. However, challenges related to delivery efficiency highlighted
the need for improved delivery strategies, such as exosome-based systems, which offer
increased biocompatibility and precision.

EGEFR, a receptor tyrosine kinase, activates signaling pathways like MAPK, PI3K/AKT,
and JAK/STAT, promoting the proliferation, survival, and migration of cancer cells. Overex-
pressed or mutated EGFR is prevalent in cancers, such as NSCLC, head and neck squamous
cell carcinoma (HNSCC), and colorectal cancer [101,141-143]. siRNA targeting EGFR dis-
rupts these oncogenic pathways, inhibiting tumor cell proliferation and survival. For
instance, EGFR silencing enhances NSCLC sensitivity to tyrosine kinase inhibitors (TKIs)
like cetuximab [40] and gefitinib [144]. Mechanistically, EGFR-siRNA downregulates re-
ceptor phosphorylation, effectively blunting downstream signaling. A recent study by
Majumder and Minko (2021) demonstrated a 10-fold improvement in anticancer activity
when EGFR-targeting siRNA was co-delivered with gefitinib and paclitaxel using lipid
nanoparticles [145], highlighting the potential of combining siRNA with traditional thera-
pies to overcome resistance.

MUCT, a transmembrane glycoprotein, is aberrantly glycosylated and overexpressed
in adenocarcinomas, including breast, ovarian, pancreatic, and lung cancers. MUC1
promotes tumor progression, metastasis, and therapeutic resistance by activating sig-
naling pathways like PI3K/Akt and NF-«kB [146-148]. siRNA targeting MUC1 has been
shown to sensitize tumors to chemotherapeutic agents [149-151] and enhance immune
responses [152]. For example, MUC1-siRNA improves the efficacy of trastuzumab in breast
cancer cells [150], and lapatinib in endometrial cancer cells [151], by inducing apoptosis and
suppressing proliferation. In 2018, in a preclinical study, Liu et al. (2018) investigated the
effects of an MUC1-targeted mRNA nano-vaccine in combination with immune checkpoint
inhibitors (CTLA-4) in triple-negative breast cancer 4T1 cells. Preliminary results suggested
enhanced in vivo T-cell immune responses and tumor regression, supporting the potential
of MUC1 as a therapeutic target. Molecularly, MUC1 silencing disrupts its interaction with
[3-catenin, impairing tumor cell invasiveness and stemness [153].

¢-MET, or hepatocyte growth factor receptor (HGFR), is another critical oncogenic
driver. The overexpression or mutation of c-MET is associated with enhanced tumor
growth, angiogenesis, and metastasis in several cancers, including gastric, lung, and liver
cancers. [154-156]. As an example, c-MET-targeted siRNA has been shown to inhibit cellular
growth and the invasion of hepatocellular carcinoma (HCC) cells by downregulating the
MEK/ERK pathway [157], which is often upregulated in these cells. Nonetheless, in
gastric cancer MKN-5 cells, although the inhibition of c-Met’s significantly diminished
the phosphorylation levels of PI3K and Akt, it did not enhance the cells’ sensitivity to
gefitinib [158]. In opposition to this, Zhang and colleagues (2020) demonstrated that
an siRNA-targeting c-MET delivered via exosome into gastric cancer cells was able to
decrease cellular drug resistance, thus sensitizing these cells to cisplatin [159]. In recent
years, two phase I clinical trials have tested the efficacy of two inhibitors of c-MET, HS-
10241 [160] and ABN401 [161], in patients with advanced NSCLC. Even though neither of
these trials involved the use of an RNA-based therapy, preliminary results indicated that
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both inhibitors had an acceptable safety profile and good tolerability for the patients, while
simultaneously offering promising antitumor activity against solid tumors [160,161].

HER?2 is overexpressed in approximately 20-25% of breast cancers, as well as in some
gastric, ovarian, and bladder cancers, and is associated with aggressive disease, poor prog-
nosis, and resistance to standard therapies [38,162,163]. siRNA targeting HER?2 effectively
suppresses cell proliferation [164,165] and sensitizes tumors to HER2-targeted therapies,
such as trastuzumab [166]. Mechanistically, HER2-siRNA reduces receptor expression,
limiting downstream PI3K/ Akt signaling and induces apoptosis. In a preclinical study
performed by Archana and coworkers (2024), HER2-siRNA loaded into nanoparticles co-
delivered with doxorubicin demonstrated significant antitumor activity in HER2-positive
SKBR3 breast cancer cells as it resulted in enhanced cytotoxicity via the induction of apop-
tosis and the outstanding downregulation of HER2 [167]. Additionally, Ngamcherdtrakul
et al. (2022) developed a single therapy based on trastuzumab-conjugated nanoparticles
for the co-delivery of docetaxel and siRNA against HER?2 in a drug-resistant orthopedic
HER2* HCC1954 tumor mouse model, which significantly inhibited tumor growth [39],
highlighting the promise of integrating siRNA into multimodal treatment regimens.

Targeting selectively expressed or overexpressed genes in cancer provides a powerful
approach to enhance therapeutic efficacy while minimizing off-target effects. Advances in
siRNA engineering and delivery systems, particularly nanoparticle- and exosome-based
platforms, are driving the clinical translation of these strategies. By addressing barriers
such as delivery, stability, and tumor specificity, siRNA-based therapies hold immense
potential for reshaping cancer treatment paradigms.

6. Regulatory Framework for siRNA-Based Combinatory Therapies
in Cancer

The development of combination therapies using siRNA and anticancer drugs is at
the cutting edge of oncology, offering new avenues of precision medicine. However, the
path from bench to bedside is complex, with significant regulatory hurdles. Ensuring
safety, efficacy, and quality is critical for obtaining regulatory approval from agencies such
as the U.S. Food and Drug Administration (FDA) and the European Medicines Agency
(EMA) [168-170].

The FDA and EMA have established comprehensive guidelines to regulate the de-
velopment and approval of RNA-based therapeutics, including siRNA. The guidelines
focus on demonstrating a favorable risk-benefit profile, establishing robust manufacturing
processes, and conducting rigorous preclinical and clinical testing [171-177]. However,
combining siRNA with traditional anticancer drugs adds another layer of complexity,
necessitating adherence to multiple regulatory frameworks. siRNA therapies are classified
under “Advanced Therapy Medicinal Products” (ATMPs) in the European Union and
“Drug/Biologic Products” in the United States depending on their mechanism of action
and the presence of chemical modifications or delivery vehicles like nanoparticles. This
classification affects the regulatory pathway, as ATMPS must meet stringent quality stan-
dards, undergo detailed characterization, and provide comprehensive safety and efficacy
data [173,178,179]. When siRNA is combined with conventional drugs, the regulatory
process typically follows the more stringent pathway, which requires evidence for both the
individual and combined effects of the therapeutic agents.

Preclinical studies are critical for establishing the foundation of any new therapeutic
strategy. For siRNA-drug combinations, preclinical data must demonstrate the mechanism
of action, pharmacokinetics (PK), pharmacodynamics (PD), toxicity, and proof of concept in
relevant models. Both the siRNA and the anticancer drug must be evaluated separately and
in combination to assess potential synergistic or antagonistic effects. One of the primary
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challenges is demonstrating the specificity and selectivity of siRNA for its target gene.
Off-target effects must be thoroughly investigated, as they can lead to unintended gene
silencing and toxicity [173,178,179]. Furthermore, the delivery system, often involving
nanoparticles, needs to be evaluated for its own safety profile, distribution characteristics,
and potential immunogenicity. The combination’s pharmacokinetic and pharmacodynamic
profiles must also be carefully studies. The interplay between the siRNA'’s gene-silencing
effects and the pharmacological action of the drug must be clearly understood to optimize
dosing regimens. Animal models should mimic human physiology as closely as possible,
especially concerning tumor microenvironment, to provide reliable safety and efficacy
data [172-178].

Clinical trials for siRNA-drug combination therapies must follow a well-defined
phased approach typically involving phase I, II, and III trials. The design of these trials
must consider both the individual agents and their combined effects. Early-phase trials
focus on safety, tolerability, and dose optimization. Phase I trials should aim to determine
the maximum tolerated dose (MTD) and dose-limiting toxicities (DLTs) of the combination.
The trial design should account for potential adverse events arising from both the siRNA
and the drug, including immunogenic responses to siRNA or its delivery vehicle. Phase II
and III trials focus on efficacy, often requiring endpoints to assess the therapeutic benefits
of combination therapy [172,175,178]. Traditional endpoints, such as progression-free
survival (PFS) and overall survival (OS), may not fully capture the benefits of siRNA-drug
combinations, particularly if they target specific molecular pathways. Biomarker-driven
studies may be necessary to identify patient populations most likely to benefit from the
therapy, supporting a more personalized approach to treatment. Additionally, the FDA
and EMA emphasize the need for adaptive trial designs that allow modifications based on
interim results [180,181]. Given the novel mechanisms of action of siRNA, trial designs may
incorporate a broader range of safety endpoints, including immune responses, off-target
effects, and long-term follow-up for delayed adverse events.

Ensuring the quality and consistency of siRNA and its delivery systems presents
unique challenges. siRNA therapeutics require precise chemical synthesis, sequence verifi-
cation, and stringent controls over chemical modifications to maintain stability and avoid
degradation [171-174]. The manufacturing process must be validated to ensure repro-
ducibility and batch-to-batch consistency. The delivery vehicle, often a lipid nanoparticle
(LNP)- or polymer-based system, must also be rigorously characterized for size, charge,
encapsulation efficiency, and biocompatibility [182]. The production of combination thera-
pies necessitates integrated manufacturing processes to ensure both components (siRNA
and drug) meet quality standards.

The safety assessment of siRNA-drug combinations requires a comprehensive eval-
uation of both the drug and the RNA molecule, individually and in combination. Key
concerns include off-target gene silencing, unintended immune activation, and potential
toxicities arising from the delivery vehicle. The regulatory guidelines emphasize the need
for robust preclinical models that adequality predict human responses to minimizes risks
during clinical development [168,173,176]. Immunogenicity remains a critical concern,
particularly for siRNA therapy nanoparticles or other delivery systems that may provoke
an immune response. Regulatory agencies require developers to conduct through immuno-
genicity assessments, including cytokine release assays, complement activation studies, and
in vivo models of immune response [173,176,179]. Strategies to mitigate immunogenicity,
such as chemical modifications of siRNA (e.g., 2'-O-methyl modifications) or the use of
biocompatible nanoparticles, must be documented and justified in regulatory submissions.

Ethical considerations play a pivotal role in the regulatory evaluation of siRNA-drug
combination therapies. Ensuring informed consent, particularly in early-phase trials where
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the risk profile of the combination is still being established, is crucial. The potential risks
associated with new technologies, such as off-target gene silencing or long-term immuno-
genicity, should be clearly communicated to patients. Regulatory agencies also scrutinize
the ethical aspects of patient selection, trial design, and data transparency [168,173,176].
Trials should be designed to maximize benefits while minimizing risks, and data should
be shared transparently with both regulators and the scientific community to facilitate
the development of future siRNA-base therapies. Given the experimental nature of many
siRNA therapies, compassionate use protocols and expanded access programs may also
come under regulatory scrutiny [175,178].

To successfully navigate the regulatory landscape, developers should engage in early
and continuous dialogue with regulatory agencies, such as pre-IND (Investigational New
Drug) meetings with the FDA or Scientific Advice meetings with the EMA. Such inter-
actions help clarify expectations, provide guidance on trial design and endpoints, and
address specific regulatory concerns. Developers should also consider leveraging existing
regulatory pathways designed to expedite the development of innovative therapies, such as
the FDA's Fast Track, Breakthrough Therapy, and Accelerated Approval designations [183],
or the EMA’s PRIME (Priority Medicines) scheme [184]. These pathways can provide early
and frequent communication with regulators, potentially shortening the time to market.

As siRNA-based combination therapies continue to evolve, there is a need for the
greater harmonization of regulatory standards across different regions. Collaboration
efforts between regulatory agencies, such as the International Council for Harmoniza-
tion of Technical Requirements for Pharmaceuticals for Human Use (ICH), are essential
to develop consistent guidelines that facilitate global development and approval. Har-
monized standard would simplify the development process, reduce costs, and speed up
access to these potentially life-saving therapies. Efforts are also underway to create stan-
dardized frameworks for evaluating novel endpoints and biomarkers in clinical trials,
which are particularly relevant for siRNA-based therapies targeting specific molecular
pathways [180,181]. Incorporating patient-reported outcomes and real-world evidence may
further refine the assessment of siRNA-drug combinations’ therapeutic value.

The regulatory landscape for siRNA and anticancer drug combination therapies is
complex, reflecting the innovative nature of these therapies and the need to ensure patient
safety and efficacy. By understanding and navigating the regulatory requirements, pharma-
ceutical developers can optimize their strategies for bringing these promising therapies to
market, ultimately advancing precision medicine in oncology.

7. Conclusions

The use of siRNA in combination with anticancer drugs represents a groundbreaking
strategy in cancer therapy, offering enhanced efficacy, reduced toxicity, and the potential
to overcome drug resistance. By selectively silencing genes that are overexpressed or
uniquely expressed in cancerous tissues, siRNA provides a targeted means to disrupt critical
oncogenic pathways, inhibit tumor growth, and sensitize tumors to existing therapies.

This review highlights several key genes as ideal targets for siRNA in combinatorial
therapies, including survivin, VEGF, EGFR, c-MET, HER2, MUC1, and Bcl-2. These genes
play pivotal roles in tumor survival, proliferation, angiogenesis, and resistance mechanisms.
For example, silencing survivin enhances apoptosis and the effects of chemotherapeutic
agents, while targeting VEGF inhibits angiogenesis. Similarly, downregulating EGFR and
c-MET disrupts critical signaling pathways involved in cell growth and metastasis, and tar-
geting HER2, MUC1, and Bcl-2 sensitizes tumors to targeted therapies and chemotherapy.

To fully realize the potential of siRNA-based therapies, several key strategies should
be prioritized in future research and clinical development. These include advancements in
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delivery systems, integration with personalized medicine, combination with immunothera-
pies, the optimization of dosing regimens, the identification of biomarkers, and regulatory
improvements. The effective delivery of siRNA remains a critical challenge. Multifunctional
nanocarriers, such as ligand-targeted lipid nanoparticles and exosomes, can selectively
bind to tumor-specific receptors, ensuring that siRNA reaches its target while minimizing
off-target effects. Additionally, stimuli-responsive systems designed to release siRNA in
response to tumor-specific conditions, such as acidic pH or high enzymatic activity, are
promising innovations to improve therapeutic precision.

Personalized medicine can greatly enhance the efficacy of siRNA therapies. The ge-
nomic profiling of tumors using next-generation sequencing and transcriptomic analyses
can identify patient-specific genetic vulnerabilities, enabling tailored treatment approaches.
For instance, patients with BRCA mutations could benefit from a combination of PARP
inhibitors and siRNA targeting DNA repair genes like PARP1 or RAD51. Adaptive therapy
approaches that allow for the real-time monitoring of tumor gene expression can further en-
able the dynamic adjustment of siRNA targets and drug combinations, ensuring sustained
therapeutic responses and minimizing resistance. Combining siRNA therapies with im-
mune checkpoint inhibitors, such as anti-PD-1 or anti-CTLA-4 antibodies, has the potential
to modulate the tumor microenvironment and achieve durable responses. Silencing genes
like MUC1, which enhances tumor immunogenicity, can improve the efficacy of immune-
based therapies. Furthermore, siRNA can target genes involved in immune evasion, such
as PD-L1 or IDOY, to create synergies with existing immunotherapy regimens.

Clinical trials should focus on determining the optimal dosing regimens for siRNA
and co-administered drugs. Evaluating whether sequential or simultaneous delivery yields
better outcomes is essential for maximizing therapeutic efficacy. The benefits of combining
siRNNA with other treatment modalities, such as radiotherapy, chemotherapy, and novel
small-molecule inhibitors, also need to be rigorously assessed. For example, combin-
ing VEGF-siRNA with tyrosine kinase inhibitors could provide anti-angiogenic synergy.
Identifying predictive biomarkers is vital for selecting patients most likely to respond
to siRNA therapies. For instance, tumors with high VEGF expression may benefit from
VEGF-targeting siRNA, particularly in angiogenesis-dependent cancers. Liquid biopsy
techniques, such as the analysis of circulating tumor DNA (ctDNA) or RNA, can facilitate
the real-time monitoring of siRNA efficacy and tumor adaptation during treatment.

The regulatory landscape for siRNA-based therapies needs to evolve to address unique
challenges, such as dual-drug delivery systems and nanoparticle formulations. Clear guide-
lines for clinical trials, safety evaluations, and quality control are essential for accelerating
clinical translation. Moreover, scalable and cost-effective manufacturing processes for
siRNA and nanocarriers are needed to ensure accessibility for patients worldwide.

By addressing these key areas, siRNA-based therapies can overcome current chal-
lenges and become a cornerstone of precision oncology. These strategies aim to maximize
therapeutic efficacy, minimize side effects, and, ultimately, provide new hope for patients
with challenging cancer types.
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