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ABSTRACT - Triple-negative breast cancer (TNBC) is one of the most aggressive breast cancer subtypes, characterized
by the lack of actionable molecular targets, pronounced intratumoral heterogeneity, and a highly dynamic tumor micro-
environment (TME). RNA-based therapeutics, including messenger RNA (mRNA), small interfering RNA (siRNA), antisense
oligonucleotides, and non-coding RNAs, represent a promising strategy for modulating gene expression and targeting
previously undruggable pathways. Nevertheless, their clinical application in TNBC remains limited. This review aims to
critically evaluate the main biological and technological barriers to RNA therapeutics in TNBC and to highlight emerging
strategies to enhance their translational potential, with particular emphasis on advanced preclinical models and artificial
intelligence (Al). The limited clinical success of RNA therapeutics in TNBC is primarily due to intrinsic RNA instability, rap-
id nuclease-mediated degradation, suboptimal and heterogeneous tumor delivery, and sequence-dependent off-target
effects. Traditional two-dimensional in vitro models inadequately reproduce tumor architecture and TME complexity,
resulting in poor predictive value. In contrast, advanced preclinical platforms-including three-dimensional spheroids,
patient-derived organoids, organ-on-chip systems, and patient-derived xenografts-better recapitulate tumor biology,
cell-microenvironment interactions, and interpatient variability. Concurrently, Al and machine learning approaches are
increasingly employed to optimize RNA sequence design, predict off-target effects, improve nanoparticle-based delivery
systems, integrate multi-omics and spatial transcriptomics data, and support patient stratification. The integration of
physiologically relevant preclinical models with Al-driven approaches represents a promising strategy to overcome cur-
rent limitations in RNA-based therapeutics for TNBC. This multidisciplinary framework may enhance delivery efficiency,
reduce attrition rates, and accelerate the development of RNA-based precision oncology strategies in TNBC.

KEYWORDS: Triple-negative breast cancer, RNA therapeutics, Tumor microenvironment, siRNA, Antisense oligonucleotide,
Non-coding RNA, Nanoparticle delivery, Organoid model, Artificial intelligence, Precision oncology.

INTRODUCTION

Biological and clinical background of Triple
Negative Breast Cancer (TNBC)

Among breast cancer (BC) subtypes, triple-nega-
tive breast cancer (TNBC) stands out as the most
clinically challenging. Defined by the absence of

estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor recep-
tor 2 (HER2), TNBC accounts for approximately
15-20% of primary cases and is associated with an
aggressive clinical course!. The lack of these key
molecular targets precludes the use of effective
targeted therapies, underscoring a critical unmet
clinical need? This challenge is further exacer-
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Graphical Abstract. Advanced preclinical models and artificial in
translational barriers limiting RNA-based therapeutics in triple-ne

bated by pronounced inter- and intra-tumoral
heterogeneity and by a uniquely complex tumor
microenvironment (TME). The TNBC TME actively
promotes tumor progression by enhancing pro-
liferation, angiogenesis, immune evasion, and
resistance to apoptosis and therapy, thereby ex-
acerbating treatment failure and driving adverse
clinical outcomes®. Together, these biological fea-
tures define a highly challenging therapeutic land-
scape in which conventional strategies remain in-
sufficient. In this context, RNA-based therapeutics
have emerged as a promising avenue for address-
ing current unmet clinical needs, offering the po-
tential to modulate gene expression and to target
previously undruggable pathways. However, their

telligence as enabling strategies to overcome biological and
gative breast cancer.

clinical translation in TNBC remains constrained
by multiple biological and technological barriers.

This review examines the key limitations hin-
dering the application of RNA-based therapeu-
tics in TNBC and discusses emerging strategies to
overcome these challenges, with particular em-
phasis on advanced preclinical models and artifi-
cial intelligence (Al)-driven approaches.

Current therapeutic challenges and gaps
in TNBC: from surgery to immunotherapy

Despite advances in BC therapy, TNBC remains
particularly challenging to treat due to its lack of
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actionable molecular targets. Most conventional
therapies, including endocrine and targeted ap-
proaches, rely on the presence of ER, PR, or HER2
receptors, features that are absent in TNBC2. This
intrinsic limitation, together with the pronounced
heterogeneity and adaptive plasticity of TNBC,
contributes to suboptimal therapeutic efficacy
and underscores persistent gaps in current treat-
ment strategies. For early-stage disease, surgical
resection remains the primary therapeutic inter-
vention. However, surgery alone is insufficient
to prevent recurrence and may be associated
with increased oxidative stress in the early post-
operative period®. In this context, the advent of
immunotherapy has marked a significant shift in
the therapeutic landscape of TNBC. A range of ap-
proaches, including cytokine therapies, monoclo-
nal antibodies, antibody-drug conjugates, immune
checkpoint inhibitors, cancer vaccines, adoptive
cell therapies, and oncolytic viruses, have been ex-
plored to enhance antitumor immunity®. Notably,
the approval of atezolizumab in combination with
nab-paclitaxel for PD-L1-positive metastatic or
unresectable TNBC represents an important clini-
cal milestone®. Nevertheless, the clinical benefits
of immunotherapy in TNBC remain limited. Tumor
cells employ multiple strategies to evade immune
surveillance, leading to both primary and acquired
resistance. Adaptive resistance mechanisms en-
able tumor cells to modulate immune-recognition
pathways, whereas acquired resistance reflects
the loss of an initial therapeutic response®. These
processes are driven by a complex interplay of
tumor-intrinsic factors and extrinsic influences
within the TME, including stromal components,
dysfunctional immune populations, and aberrant
vasculature, as well as host-related variables such
as age, comorbidities, and lifestyle. Collective-
ly, these limitations highlight the need for novel
therapeutic strategies. In this context, RNA-based
therapeutics are emerging as a promising class of
interventions that have the potential to overcome
several biological and clinical barriers associated
with current TNBC treatments.

Clinical readiness of RNA modalities

The translational potential of RNA-based ther-
apeutics in oncology is dictated by their clinical
readiness, which is defined as a composite mea-
sure of their biochemical stability, delivery effi-
ciency, and regulatory maturity. While all RNA
modalities share the goal of modulating gene
expression, they exhibit stark differences in their
paths to clinical implementation in solid tumors
such as TNBC?. Advances in high-throughput se-

quencing, structural biology, and delivery tech-
nologies have accelerated the development of
diverse RNA therapeutics, including antisense oli-
gonucleotides (ASOs), small interfering RNA (siR-
NA), microRNA (miRNA) modulators, messenger
RNA (mRNA) therapeutics, aptamers, and short
hairpin RNA’. ASOs and siRNAs currently repre-
sent the most clinically mature platforms. ASOs
benefit from advanced chemical modifications
that enhance their stability without the abso-
lute requirement for complex delivery vehicles?.
To date, three ASO drugs have received FDA ap-
proval: (i) nusinersen (lonis Pharmaceuticals)’;
(ii) eteplirsen (Sarepta Therapeutics)'®; and (iii)
inotersen (lonis Pharmaceuticals and Akcea Ther-
apeutics)?, which have set the regulatory prec-
edent for this modality. While ASO-like agents
have reached the market for other indications,
their application in solid tumors is being explored
to target oncogenes such as STAT3! or to modu-
late alternative splicing events that drive cancer
progression®3. Similarly, the clinical readiness of
siRNAs is evidenced by drugs such as Patisiran,
FDA-approved for hereditary transthyretin-me-
diated amyloidosis (hATTR)*. Furthermore, the
recent global success of SARS-CoV-2 mRNA vac-
cines against the COVID-19 pandemic has revi-
talized interest in RNA-based immunotherapies,
accelerating the clinical maturation of mRNA plat-
forms®®. In the context of TNBC, mRNA technology
is being extensively explored for therapeutic can-
cer vaccines and for restoring tumor-suppressor
protein expression. A notable example is BNT114,
currently under clinical evaluation to assess the
safety and immunogenicity of mRNA-encoded
antigens in patients with TNBC®. miRNA-based
therapies currently show the lowest level of clini-
cal readiness. Building on recent advances in RNA
therapeutics, MRX34, which uses liposomes to
deliver a double-stranded miRNA-34a mimic for
the treatment of advanced solid tumors, under-
went a Phase I clinical trial*®. However, despite this
isolated effort, broader clinical progress has been
limited. Although miRNAs can regulate multiple
genes within a signaling pathway simultaneous-
ly, this multi-target activity often results in sig-
nificant off-target effects and systemic toxicity®.
Consequently, most miRNA-based therapies have
not advanced beyond early clinical stages, high-
lighting a notable translational gap compared to
the more specific and clinically advanced siRNA
and ASO platforms?® (Table 1'®!8-22), Taken togeth-
er, these differences in clinical maturity highlight
the need for a deeper examination of the biologi-
cal and translational barriers that continue to limit
the effective deployment of RNA therapeutics in
TNBC, which are addressed in the next section.
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Table I. Landscape of RNA-based therapeutic modalities investigated in TNBC, illustrating the transition from preclinical concepts to active clinical development while highlighting their specific

molecular targets, delivery mechanisms, and current positioning within the broader biological framework of the disease.

RNA Therapeutic Target/ Trial phase Status Key translational Reference
modality candidate mechanism bottlenecks
mRNA vaccine BNT114 Encodes tumor-associated antigens (NY-ESO-1,  Phase | Ongoing Limited immunogenicity; heterogeneous antigen Sahin et al*®, 2026
MAGE-A3) to stimulate T-cell responses expression; lack of predictive biomarkers
ASO STAT3 ASO (e.g., Inhibition of STAT3 signaling Phase I/Il No TNBC specific Poor tumor penetration; dose limiting toxicities; Hong et al*°, 2015
Danvatirsen/ (solid tumors) arm; limited efficacy immune activation
AZD9150) in solid tumors
siRNA TKM-PLK1 RNAi-mediated cleavage of PLK1 mRNA, Phase Il Terminated due to Narrow therapeutic index; limited monotherapy El Dika et al®®, 2019
leading to G2/M arrest and tumor cell limited single-agent efficacy; delivery-related toxicities
apoptosis. clinical efficacy
miRNA mimic MRX34 Multi target tumor suppressor miRNA Phase | Terminated due to Multi target toxicity; cytokine release; insufficient Paunovska et al*®,
(miR 34a mimic) immune related SAEs tumor delivery 2022
mRNA immuno-  mRNA LNP PTEN Restoration of PTEN expression to enhance Preclinical Not yet in clinical trials ~ LNP biodistribution; endosomal escape; off target Lin et al®, 2021
therapy delivery antitumor immunity (TNBC models) immune activation
Aptamer AS1411 (nucleolin Targeting nucleolin to inhibit proliferation Phase Il (BC,not ~ No TNBC specific Low potency; rapid clearance; limited tumor selectivity ~ Van den Avont and
aptamer) TNBC specific) efficacy Sharma-Walia??, 2023
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MAIJOR LIMITATIONS OF RNA-BASED
THERAPEUTICS IN TNBC: BIOLOGICAL
AND TRANSLATIONAL CHALLENGES

The therapeutic use of RNA is a relatively recent
development, gaining momentum over the past
decade as insights into RNA structure and func-
tion have expanded. In particular, cancer thera-
py has been revolutionized by the emergence of
RNA-based therapeutics, providing several strate-
gies and mechanisms to regulate gene expression
via mRNA, siRNA, miRNAs, ASOs, and RNA aptam-
ers?®. Representative examples of RNA-based ther-
apeutics investigated in TNBC are summarized in
Table 11*%2°, Within this context, non-coding RNA-
based (ncRNAs), such as miRNAs, long non-coding
RNAs (IncRNAs), and circular RNAs, have emerged
as promising therapeutic targets due to their crit-
ical roles in regulating gene expression, tumor
progression, and therapy resistance in TNBC®,
Advantages of RNA-based drugs that are driving
development include: (i) their ability to act on tar-
gets that are otherwise “undruggable” for a small
molecule or a protein; (ii) their rapid and cost-ef-
fective development, by comparison to that of
small molecules or recombinant proteins; (iii) the
ability to rapidly alter the sequence of the mRNA
construct for personalized treatments or to adapt
to an evolving pathogen?. Although the FDA, the
European Medicines Agency, and other regulato-
ry authorities have approved several RNA-based
drugs®3!, significant biological and technological
limitations still hinder their widespread therapeu-
tic success. These challenges include poor molec-
ular stability, inefficient and non-specific delivery,
and the risk of unintended interactions at both
the molecular and systemic levels.

The following sections examine the principal
challenges limiting the clinical translation of RNA-
based therapeutics in TNBC, including molecular
instability, rapid degradation, off-target effects,
and delivery barriers. It is stressed that the central
obstacle lies not in target engagement, but in the
lack of predictive models capable of reliably trans-
lating preclinical efficacy into clinical success.

Instability and rapid degradation

One of the most critical limitations of RNA-based
therapeutics is their intrinsic instability. The prima-
ry structure of RNA, which is a sequence of nucleo-
tides, plays a key role in its stability and function®2.
Indeed, RNA molecules are inherently unstable
and prone to degradation by nucleases present in
bodily fluids®. As highlighted in recent reviews'?*,
ribonucleases (RNase) sensitivity represents a fun-

damental barrier to their effective clinical appli-
cation in TNBC. The intrinsic instability of RNA is
largely attributed to the presence of the 2’-hydrox-
yl group, which promotes spontaneous cleavage of
the phosphodiester backbone through intramolec-
ular nucleophilic attack®?. This chemical vulnerabil-
ity is further exacerbated under physiological con-
ditions, where fluctuations in pH and temperature
can accelerate degradation. Moreover, both extra-
cellular and intracellular RNases, abundantly pres-
ent in serum and tissues, rapidly recognize and de-
grade exogenous RNA molecules, thereby severely
limiting their persistence in circulation. In addition,
cells have evolved numerous RNA degradation
mechanisms, some with precise control over the
target and location of degradation, and others that
are rather promiscuous®. RNA degradation can
be broadly conceptualized as a two-step process
involving the recognition of defective or foreign
RNA molecules, followed by their enzymatic break-
down. While the recognition phase of RNA degra-
dation varies considerably across organisms, the
downstream mechanisms mediated by RNases are
largely conserved?®. In the context of therapeutic
development, these processes represent a major
barrier to efficacy. Following cellular uptake, RNA-
based therapeutics are frequently sequestered
within endosomal and lysosomal compartments,
where acidic conditions and nucleolytic enzymes
promote their degradation before they can reach
the cytoplasm and exert their intended biological
activity. Moreover, due to the absence of intrinsic
repair mechanisms, RNA molecules are unable to
recover from structural damage, rendering them
particularly vulnerable compared to DNA-based
systems. This rapid degradation not only compro-
mises bioavailability but also results in inconsistent
pharmacokinetic and pharmacodynamic profiles,
ultimately limiting therapeutic reproducibility and
efficacy. For example, unmodified siRNAs and mR-
NAs exhibit poor pharmacokinetic properties when
administered in the absence of protective carriers.
To overcome this issue, pharmaceutical technology
has led to encapsulation of RNA within protective
carriers, including lipid nanoparticles (LNPs), lip-
id-polymer hybrids, and biodegradable polymers,
providing an effective steric barrier against nucle-
ase-mediated degradation®*. However, degrada-
tion is not fully prevented, particularly following
systemic administration. As a result, RNase-mediat-
ed instability and short half-life remain fundamen-
tal constraints on therapeutic efficacy. Addressing
these limitations requires continued optimization
of RNA chemistry, such as backbone modifications
and nucleotide substitutions, alongside the devel-
opment of more sophisticated delivery platforms
capable of enhancing stability while preserving bi-
ological function.
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Table Il. Overview of engineered RNA formulations and delivery platforms evaluated in TNBC and advanced solid tumor models, summarizing their clinical development stages and translational

maturity to contextualize technological breakthroughs, pharmacological performance, and remaining gaps in systemic administration.

Molecule RNA type Molecular target Experimental stage Limitations Reference
antimiR-21 AntagomiR miR-21 (oncogenic; Preclinical (TNBC models) Delivery efficiency; off-target effects Haque et al?, 2021
proliferation pathways)
antimiR-10b AntagomiR miR-10b (oncomiR) Preclinical (in vitro TNBC cell lines + Delivery efficiency; potential heterogeneity in particle Liu et al*, 2021
in vivo mouse xenograft models) size; limited in vivo validation; co-delivery complicates

attribution of therapeutic effects

ASBEL IncRNA BCL-2, BTG3, c-MET Preclinical (in vitro TNBC cell lines, MDA-MB-231  Delivery efficiency and stability He et al®, 2023
+in vivo xenograft mouse model)

siDDIT4-AS1 siRNA DDIT4-AS1 Preclinical (in vitro TNBC cell lines, MDA-MB-231  Reliance on siRNA delivery via nanoparticle system without Jiang et al?*6, 2023
+in vivo xenograft mouse model) clinical validation; potential challenges in efficient and targeted

delivery of siRNA

miR-606 miRNA Stanniocalcin 1 (STC1) Preclinical (in vitro TNBC cell lines Delivery/efficiency not optimized for clinical use; potential Choi et al?, 2023
+in vivo xenograft mouse tumor growth off-target effects of miRNA therapy
and lung metastasis models)

AS021 ASO targeting Menin (MEN1) Preclinical (in vitro TNBC Hs 578T cells+ in vivo Potential delivery/stability challenges Nguyen et al*¢, 2021
mRNA Hs 578T xenograft mouse model)

MALAT1 IncRNA miR-1 Preclinical in vitro and in vivo Limited exploration of delivery/therapeutic targeting Das et al®, 2023

HOTAIR IncRNA miR-34a, miR-148; Preclinical in vitro and in vivo studies Therapeutic delivery strategies and potential off-target effects Das et al*, 2023

epigenetic regulators (PRC2) on TNBC cells/tissues
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Delivery limitations and non-specific
tissue accumulation

Efficient delivery remains a central challenge
limiting the clinical translation of RNA-based
therapeutics in TNBC. Rather than insufficient
target engagement, therapeutic failure is largely
driven by inefficient and spatially heterogeneous
distribution within tumors. Because RNA mole-
cules must reach the intracellular compartment
to exert their activity, their efficacy is strongly
constrained by tumor-specific barriers, includ-
ing extracellular matrix (ECM) density, elevated
interstitial pressure, and heterogeneous vascu-
larisation®’. Tumor-specific barriers collectively
drive heterogeneous and insufficient intratu-
moural distribution of RNA-based therapeutics,
thereby limiting their efficacy. In particular,
these agents face multiple obstacles in travers-
ing biological barriers, resulting in poor tissue
penetration and incomplete tumor coverage. As
a consequence, residual tumor cell populations
may persist and contribute to disease progres-
sion. At the molecular level, RNA therapeutics
are inherently vulnerable to nuclease-mediated
degradation, exhibit limited membrane permea-
bility due to their negative charge, and may elic-
it undesired immune responses®. To overcome
these challenges, RNA therapeutics rely on de-
livery systems that facilitate cellular uptake and
promote endosomal escape. However, current
delivery technologies remain suboptimal, with
limitations including inefficient tissue targeting,
inadequate selectivity, and dose-limiting tox-
icities, which have contributed to the failure of
numerous clinical trials**. Among available plat-
forms, LNPs have emerged as a leading strategy
for RNA delivery. For example, LNPs conjugated
with PD-L1-binding peptides have been used to
selectively deliver mRNA encoding PTEN to TNBC
cells, resulting in enhanced antitumor immune
responses and reduced tumor growth in orthot-
opic and metastatic models?®. More broadly,
LNPs have enabled clinical applications of RNA
therapeutics, including siRNA, mRNA, and CRIS-
PR-Cas9, across oncology, infectious diseases,
and genetic disorders®*-%°. Nevertheless, efficient
and tumor-specific delivery remains an unre-
solved challenge. The limited clinical translation
of RNA-based therapeutics in TNBC is driven
predominantly by inefficient, spatially hetero-
geneous distribution rather than by inadequate
target engagement. These constraints under-
score the need for next-generation delivery sys-
tems capable of improving tumor accumulation
while minimizing off-target effects.

Molecular off-target effects
and RNA-induced toxicity

Beyond tissue-level distribution, RNA-based
therapeutics are also limited by sequence-de-
pendent molecular off-target effects, which
pose significant challenges for both safety and
specificity. These unintended interactions com-
plicate the interpretation of gene function and
undermine the therapeutic precision of RNA-
based approaches®. At the cellular level, off-tar-
get gene silencing can lead to unpredictable
biological consequences, including cytotoxicity,
altered proliferation, and metabolic dysregula-
tion, thereby reducing the reliability of preclin-
ical findings and their translational potential. A
mechanism underlying these effects is the par-
tial complementarity of the siRNA seed region to
unintended transcripts. Through miRNA-like ac-
tivity, siRNAs can bind to off-target mRNAs, par-
ticularly within 3’ untranslated regions (UTRs),
inducing post-transcriptional repression even in
the presence of limited sequence overlap. This
seed-mediated recognition is especially problem-
atic, as minimal complementarity can result in
widespread and difficult-to-predict downstream
effects across multiple pathways. Similarly, en-
dogenous miRNA-like behavior enables a single
RNA molecule to regulate numerous transcripts,
further amplifying the risk of unintended gene si-
lencing***2. Collectively, the prevalence and com-
plexity of off-target interactions underscore the
need for rigorous sequence design, advanced
computational prediction, and comprehensive
experimental validation to ensure the safety and
specificity of RNA-based therapeutics.

In summary, although RNA-based therapeu-
tics hold substantial promise for improving treat-
ment strategies in TNBC, their clinical translation
is still constrained by multiple biological and
technological barriers. Intrinsic RNA instability
and rapid nuclease-mediated degradation re-
duce systemic persistence and bioavailability.
In addition, challenges associated with efficient
delivery, together with sequence-dependent
off-target effects and potential immune activa-
tion, raise important safety and efficacy con-
cerns. Addressing these limitations will require
advances in RNA chemical modification, the de-
velopment of more efficient and selective deliv-
ery platforms, and rigorous preclinical validation
to ensure safety, specificity, and therapeutic ef-
ficacy. To achieve this, the field must transition
toward advanced preclinical platforms capable
of accurately replicating these complex systemic
barriers and human tumor biology.
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BRIDGING THE TRANSLATIONAL GAP
IN TNBC: ADVANCED PRECLINICAL MODELS
FOR RNA THERAPEUTICS

The persistent discrepancy between preclini-
cal efficacy and clinical outcomes in TNBC high-
lights the urgent need for more predictive and
physiologically relevant experimental models.
Conventional two-dimensional (2D) in vitro sys-
tems remain widely used due to their simplicity,
scalability, and compatibility with high-through-
put screening. However, they fail to recapitulate
all the key features of tumor biology, including
three-dimensional (3D) architecture, cell-cell and
ECM interactions, and spatial gradients of oxy-
gen, nutrients, and metabolites. As a result, these
models often provide an oversimplified represen-
tation of tumor behavior and drug response®.

These limitations are particularly critical in the
context of RNA-based therapeutics, whose effi-
cacy depends on complex, context-dependent
processes such as cellular uptake, endosomal es-
cape, intracellular trafficking, and degradation. In
2D systems, the absence of physiological barriers,
such as dense ECM networks, elevated intersti-
tial pressure, and heterogeneous vascular-like
diffusion gradients, leads to an overestimation
of delivery efficiency and therapeutic activity.
Consequently, findings derived from 2D cultures
frequently fail to predict in vivo performance and
clinical outcomes*.

To overcome these constraints, there has been
a progressive shift toward advanced preclinical
platforms that more accurately reflect tumor
complexity. Among these, 3D culture systems
have emerged as a critical bridge between con-
ventional in vitro models and in vivo studies*:.
Advanced preclinical models, including 3D spher-
oids, patient-derived tumor organoids (PDTOs),
organ-on-chip (0oC) platforms, and patient-de-
rived xenografts (PDXs), more faithfully recapitu-
late key features of tumor biology, such as ECM
composition, oxygen and nutrient gradients, stro-
mal and immune interactions, and intratumoural
heterogeneity (Figure 1). These parameters criti-
cally influence nanoparticle penetration, endocyt-
ic trafficking, and therapeutic response, thereby
enhancing the predictive value of these systems
for evaluating RNA-based therapeutics**.

Among these approaches, PDTOs and OoC
platforms provide human-relevant systems with
adjustable microenvironmental conditions and
compatibility with medium to high-throughput
applications. In contrast, PDX models retain the
original tumor architecture, genomic landscape,
and heterotypic interactions within an in vivo set-
ting. Collectively, these complementary platforms
enable the investigation of both mechanistic as-

TICS IN TNBC

pects of nanoparticle delivery and tissue-level
pharmacological responses, including interpatient
variability*445,

As these technologies continue to evolve, ad-
vanced preclinical models are emerging as power-
ful tools to dissect the biological and pharmaco-
logical barriers limiting RNA-based therapeutics.
By enabling a more accurate and integrated as-
sessment of nanoparticle trafficking, target en-
gagement, and therapeutic efficacy, they support
the development of more effective and potential-
ly personalized treatment strategies for challeng-
ing malignancies such as TNBC.

3D spheroids

Spheroids are multicellular aggregates of tumor
cells that spontaneously self-assemble into 3D
structures and represent one of the most widely
used models in experimental oncology®. In TNBC,
spheroid models are most commonly generated
from the MDA-MB-231 and MDA-MB-468 cell
lines, which are widely used for their aggressive,
mesenchymal-like phenotype®.

Their multicellular organization gives rise to dif-
fusion gradients, hypoxic cores, and nutrient-de-
prived regions, resulting in spatially restricted drug
penetration and heterogeneous exposure®. These
microenvironmental features closely resemble
those observed in TNBC tumors, where ECM density
and cell-cell interactions critically influence molecu-
lar trafficking and cellular uptake. This is particularly
relevant for RNA-based therapeutics, whose activity
depends on a series of sequential processes, includ-
ing nanoparticle penetration, cellular internaliza-
tion, endosomal escape, and cytosolic release.

In spheroid models, siRNA and ASO-loaded
nanoparticles exhibit differential penetration
across cellular layers, with efficient uptake in
peripheral regions but limited accumulation in
the core, ultimately resulting in reduced target
knockdown®®. Notably, the apparent resistance
observed in 3D systems often reflects insufficient
delivery rather than true biological resistance,
particularly when transfection protocols are di-
rectly extrapolated from 2D conditions®®. From
a pharmacological perspective, spheroids enable
guantitative analysis of intratumoural drug dis-
tribution and facilitate the identification of deliv-
ery-limited efficacy.

However, conventional spheroids are typically
composed of a single cell type, limiting their ability
to fully recapitulate stromal contributions to deliv-
ery barriers. Heterotypic spheroids incorporating
fibroblasts or immune cells partially address this
limitation by modeling tumor-stroma interactions
and ECM-mediated resistance mechanisms®.,
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Figure 1. Advanced preclinical models in TNBC: advantages and limitations. This schematic illustrates the transition from tradi-
tional 2D monolayers to more predictive screening systems, highlighting the distinct advantages and translational limitations
of each platform. While cost-effective 3D spheroids successfully recapitulate oxygen gradients and physical diffusion barriers
for nanoparticle penetration, they lack microenvironmental heterogeneity and functional immune components. Conversely,
PDTOs and OoC systems faithfully preserve patient-specific histological and genetic features, making them valuable for person-
alized medicine, though they remain constrained by high technical complexity and the absence of a whole-body pharmacoki-
netic axis. Finally, PDXs provide the highest physiological relevance for systemic biodistribution and tumor-stroma interaction
studies, but their routine implementation is hindered by low throughput, high costs, and the lack of a fully functional human

immune system. (Created with BioRender.com).

Patient-derived tumor organoids (PDTOs)
and organoid-on-chip (0oC)

PDTOs are generated from tumor cells isolated
from patient biopsies or surgical specimens and
self-organize into 3D structures that recapitulate
key features of the original tumor. These models
preserve histological architecture, major genetic
alterations, and intratumoural heterogeneity, and
can undergo clonal evolution in culture, making
them valuable tools for studying therapeutic re-
sponse and interpatient variability®*°3,

This is particularly relevant in TNBC, where
tumor heterogeneity strongly influences RNA
delivery and therapeutic efficacy. Variations in
ECM composition, cellular uptake pathways, and
intracellular trafficking can lead to significant dif-
ferences in RNA exposure and activity among pa-

tients, even when identical formulations are used.
PDTOs enable the simultaneous assessment of
delivery efficiency, intracellular processing, and
pharmacodynamic response within a patient-spe-
cific context. Moreover, their spatial organization
generates physiologically relevant gradients, al-
lowing the investigation of heterogeneous RNA
distribution and regional differences in target
knockdown?&>4,

An important characteristic of PDTOs is the
possibility to discriminate between insufficient
intracellular delivery and lack of target dependen-
cy, enabling the distinction between delivery-re-
lated limitations and intrinsic tumor biology. This
feature represents a key advantage over simpler
in vitro systems. Beyond conventional organoid
cultures, microfluidic OoC technologies repre-
sent a more advanced approach capable of over-
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coming several limitations of static 3D systems®®.
While standard organoids may exhibit hypoxia,
accumulation of metabolic waste, and limited dy-
namic signaling, chip-based devices incorporate
microchannels and controlled perfusion systems
that enable precise modulation of shear stress,
nutrient and oxygen gradients, and molecular
diffusion. Fabricated using micro- and nanofab-
rication techniques, these platforms support the
development of more physiologically relevant BC
organoids and enable real-time metabolic moni-
toring, co-culture systems, and the engineering
of perfusable vascular networks. As such, OoC
technologies represent a significant evolution of
organoid models, enhancing the study of tumor
architecture, invasion dynamics, and therapeutic
responses®®.

Patient-derived xenograft (PDX) models

Among advanced preclinical systems, patient-de-
rived xenograft (PDX) models represent a highly
relevant platform for investigating RNA thera-
peutics in TNBC. By implanting tumor fragments
from patient samples into immunodeficient mice,
these models preserve the genetic heterogeneity,
histological architecture, and tumor-stroma inter-
actions of the original tumour>*5758,

This level of complexity is particularly import-
ant for RNA-based therapeutics, as the TME, in-
cluding ECM and stromal components, plays a
critical role in determining nanoparticle distribu-
tion, cellular uptake, and therapeutic response?.
By maintaining both genetic and phenotypic vari-
ability, PDX models enable the evaluation of RNA-
based therapies across heterogeneous tumor
contexts and improve the prediction of clinical
outcomes®” >4, As in vivo systems, they also allow
integrated assessment of drug distribution, tu-
mor penetration, and pharmacodynamic effects,
thereby supporting the optimization of RNA deliv-
ery strategies3” 90,

However, their application is constrained by
high costs, prolonged establishment times, and
the lack of a fully functional immune system.

TOWARD PREDICTIVE RNA THERAPEUTICS
INTNBC: THE ROLE OF ARTIFICIALINTELLIGENCE

It must be clarified that Al is a broad field of cre-
ating systems that can perform tasks typically
requiring human intelligence, such as reason-
ing, problem-solving, language understanding,
and decision-making. It includes a wide range
of approaches, from rule-based systems to ad-
vanced algorithms. Machine Learning (ML) is a

TICS IN TNBC

subset of Al. It focuses specifically on systems
that learn from data rather than being explic-
itly programmed. Instead of following fixed in-
structions, ML models identify patterns in data
and improve their performance over time. Over
the past decade, Al and ML have profoundly re-
shaped cancer research and drug development,
enabling new paradigms in therapeutic design,
patient stratification, and prediction of treatment
response® (Figure 2). These advances are particu-
larly relevant for RNA-based therapeutics, where
Al-driven approaches are increasingly leveraged
to address key translational challenges, especially
in heterogeneous malignancies such as TNBC52¢3,
Rather than serving as purely analytical tools, cur-
rent Al applications are evolving toward integra-
tive frameworks capable of extracting actionable
insights from increasingly complex and multidi-
mensional biological data. However, the final data
interpretation must rely on the researcher final
analysis. This shift is driven by the rapid expansion
of high-throughput technologies which generate
vast, multilayered datasets encompassing genom-
ic, epigenomic, transcriptomic, and proteomic in-
formation®. Indeed, it is now possible to integrate
data from spatial transcriptomics, single-cell RNA
sequencing, and advanced imaging. The scale,
dimensionality, and heterogeneity of these data
far exceed the capacity of traditional analytical
approaches, positioning Al as an essential compo-
nent for their integration and interpretation.

In TNBC, where tumor heterogeneity and mi-
croenvironmental complexity critically influence
RNA delivery and therapeutic efficacy, such in-
tegrative approaches are particularly valuable®.
Importantly, the convergence of these data-rich
technologies with increasingly sophisticated pre-
clinical models suggests that truly predictive ex-
perimental platforms are becoming attainable. In
this context, next-generation 3D systems are ca-
pable of more faithfully recapitulating human tu-
mor architecture and function. Within this evolv-
ing landscape, Al is being applied across multiple
stages of RNA therapeutic development. Machine
learning models are increasingly used to optimize
RNA sequence design by predicting structural
stability, target specificity, and off-target interac-
tions, thereby reducing empirical burden and ac-
celerating development pipelines®®. For instance,
immune-related long non-coding RNA (IncRNA)
signatures derived from ML and multi-omics in-
tegration have demonstrated predictive value for
patient survival, chemotherapy response, and im-
mune checkpoint inhibitor efficacy in TNBC®. In
parallel, Al contributes to the rational design of
delivery systems, particularly nanoparticle- and
aptamer-based platforms. By integrating physico-
chemical and biological parameters, such as size,
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Figure 2. Al and machine learning framework for the optimization and clinical translation of RNA-based therapeutics. This con-
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the gap between experimental design and clinical translation for various RNA modalities. The framework illustrates Al-driven
interventions in optimizing RNA sequence stability, predicting target binding specificity, and minimizing post-transcriptional
off-target toxicity (A). Additionally, machine learning models accelerate vehicle engineering by simulating nanoparticle en-
dosomal escape and tissue accumulation (B), while single-cell and spatial transcriptomic workflows enable precise TME char-
acterization and patient stratification (C-E). Finally, the pipeline demonstrates how these Al-driven insights accelerate clinical
translation by streamlining the selection of optimal patient cohorts for targeted clinical trials (F). (Created with Biorender.com).

surface charge, and lipid composition. Al models
can predict biodistribution, tumor penetration,
and cellular uptake, enabling the optimization of
delivery efficiency®®. Notably, Al-assisted aptam-
er design has further improved binding specificity
and functional performance, supporting the de-
velopment of more effective RNA-based interven-
tions®,

Al also plays a central role in the analysis of
high-dimensional datasets generated by spatial
and single-cell technologies. These approaches
enable detailed characterization of intratumoural
heterogeneity, spatial organization, and cell-cell
interactions within the TME, providing critical in-
sights into the determinants of RNA distribution
and therapeutic response’®’, Through the inte-
gration of these data layers, Al models can identi-

fy key biomarkers, uncover tumor vulnerabilities,
and predict how RNA-based therapeutics interact
with diverse cellular populations within the TME.
Furthermore, Al-driven predictive models are
increasingly used to support patient stratification
and precision medicine strategies. By integrating
clinical and multi-omics data, these models can
forecast therapeutic responses and guide the se-
lection of optimal RNA-based interventions for
individual patients’>”®. For example, efferocy-
tosis-related gene signatures identified through
ML and single-cell analyses have been shown to
predict patient outcomes and immunotherapy re-
sponses in TNBC, highlighting the potential of Al
to uncover clinically actionable biomarkers’™.
Despite these advances, Al does not function
as an autonomous system, as its performance re-


BioRender.com

.

* 225  AIAND PRECLINICALMODELS FOR RNA THERAPEU

mains inherently dependent on the quality, struc-
ture, and potential biases of the underlying data.
In particular, the application of deep learning to
multi-omics and bioinformatics data is challenged
by high dimensionality, low signal-to-noise ratios,
limited sample sizes, and substantial biological
heterogeneity, which can reduce model robust-
ness and generalizability across datasets’’®.
Moreover, the integration of heterogeneous data
modalities, including genomics, transcriptom-
ics, proteomics, and spatial information, remains
technically complex, requiring advanced normal-
ization and alignment strategies to mitigate batch
effects and inter-sample variability”.

Additionally, many Al models primarily cap-
ture statistical correlations rather than true caus-
al relationships, limiting their ability to generate
mechanistically meaningful biological insights and
reliable predictions in translational settings’®. A
further critical limitation is the “black-box” nature
of deep learning systems, which hinders inter-
pretability, reduces clinical trust, and complicates
validation, despite the growing adoption of ex-
plainable Al approaches that remain only partially
effective and often not fully adapted to the com-
plexity of biological data’®’®. These challenges are
further exacerbated by data scarcity, label am-
biguity, and incomplete biological knowledge, as
well as potential biases stemming from underrep-
resented populations and technical variability’.

Consequently, domain expertise remains essen-
tial for hypothesis generation, contextual interpre-
tation, and the identification of biologically relevant
insights, highlighting the need for a balanced frame-
work in which computational approaches are inte-
grated with expert-driven validation. In this context,
Al represents a powerful complement to advanced
preclinical models, and its integration across ex-
perimental and clinical workflows holds significant
potential to facilitate clinical translation, ultimately
accelerating the development of more effective and
personalized RNA-based therapies for TNBC.

CONCLUSIONS

RNA-based therapeutics hold considerable promise
for the treatment of TNBC, offering the ability to tar-
get previously undruggable pathways and modulate
gene expression with high specificity. However, their
clinical translation remains constrained by a com-
bination of biological and technological barriers,
including molecular instability, off-target effects,
and, most critically, inefficient and heterogeneous
delivery. These limitations are further compounded
by the intrinsic complexity of TNBC, characterized by
pronounced heterogeneity and a dynamic TME that
collectively undermine therapeutic efficacy.

TICS IN TNBC

A central theme emerging from this review is that
the limited success of RNA-based therapeutics is not
solely a consequence of target selection but rather
reflects an incomplete understanding of how these
agents behave within complex biological systems. In
this context, the development of advanced preclinical
models represents a critical step toward bridging the
translational gap. 3D culture systems, patient-derived
platforms, and in vivo models are progressively im-
proving our ability to recapitulate tumor architecture,
microenvironmental interactions, and interpatient
variability, thereby enabling more accurate evaluation
of RNA delivery, distribution, and function. As these
models continue to evolve, their integration into the
preclinical pipeline is expected to enhance the predic-
tive power of experimental studies and reduce the
attrition rate observed in clinical translation. Concur-
rently, the rapid expansion of high-dimensional bio-
logical data has positioned Al as an essential tool for
integrating and interpreting the complexity inherent
to TNBC. By enabling the analysis of multi-omics data-
sets, spatial information, and functional readouts,
Al-driven approaches are transforming the design,
optimization, and clinical application of RNA-based
therapeutics. Importantly, the convergence of Al with
increasingly predictive preclinical models represents
a paradigm shift toward more data-driven and mech-
anistically informed therapeutic development. In this
integrated framework, experimental and computa-
tional systems are no longer viewed as separate enti-
ties, but as complementary components of a unified
translational strategy.

The successful implementation of Al in this con-
text requires careful consideration of its limitations.
Predictive models remain inherently dependent on
data quality, experimental design, and underlying
assumptions, and lack the capacity for serendipitous
discovery that often drives scientific innovation. As
such, human expertise remains indispensable for
critical interpretation, hypothesis generation, and
the identification of unexpected biological phe-
nomena. The future of RNA therapeutics in TNBC
will therefore depend not only on technological ad-
vancements but also on the effective integration of
computational tools with human-driven scientific
insight. Looking ahead, the field is moving toward a
more holistic and iterative framework in which ad-
vanced preclinical models and Al-based approach-
es are tightly interconnected. The emergence of
next-generation 3D systems with increasing physio-
logical relevance, combined with scalable multi-om-
ics profiling and predictive analytics, is expected to
enable more accurate modeling of therapeutic re-
sponse at both the individual and population levels.
Such convergence has the potential to accelerate
the development of RNA-based therapeutics, im-
prove patient stratification, and ultimately support
the realization of precision medicine in TNBC.
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In conclusion, overcoming the current limita-

tions of RNA-based therapeutics will require a
coordinated effort that integrates innovations in
molecular design, delivery technologies, predic-
tive modeling, and data science. By bridging the
gap between experimental complexity and clini-
cal applicability, this multidisciplinary approach
offers a realistic pathway toward more effective
and personalized therapeutic strategies for one of
the most challenging subtypes of BC.
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