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esistance in breast cancer: the
potential of miRNA and nanotechnology-driven
delivery systems

Aditi Verma, Krunal Patel and Ashutosh Kumar *

Breast cancer is the second leading cause of cancer-related deaths in females worldwide. Despite

significant advancements in treatment, drug resistance remains a major challenge, limiting the

effectiveness of therapies and leading to dismal outcomes. Approximately 50% of HER2+ breast cancer

patients develop resistance to trastuzumab, and patients with triple-negative breast cancer often

experience resistance to first-line therapies. The drug resistance mechanisms involve altered drug

uptake, enhanced DNA repair, and dysregulated apoptosis pathways. MicroRNAs are essential in

regulating cellular processes involved in both homeostasis and disease. Recent data suggest that

microRNAs can overcome drug resistance by regulating the pathways that confer drug resistance.

Combining different conventional anticancer agents with microRNA therapies holds promise for

enhancing treatment effectiveness against drug resistant breast cancer. Advancements in nano-drug

delivery systems have facilitated the effective delivery of microRNAs by improving their stability, targeting

specific cells, and enhancing cellular uptake. This review elucidates the recent advancements in

microRNA-based therapies, their effects on gene expression, and their clinical efficacy in overcoming

drug resistance in breast cancer.
1. Introduction

Breast cancer remains a signicant global health challenge,
with over 3.13million new cases and an estimated 42 780 deaths
in the U.S. alone in 2024.1 Breast cancer is classied into four
molecular subtypes: luminal A, luminal B, HER2-positive, and
triple-negative, based on receptor expression. Despite decades
of advances, overcoming drug resistance remains the top hurdle
in reducing breast cancer's signicant mortality rate in women.2

Chemoresistance refers to the phenomenon of drug resistance
in cancer cells, which can arise due to mechanisms such as drug
efflux, alteration of drug targets, DNA repair, loss of cell death,
epithelial to mesenchymal transition (EMT) or epigenetic
changes.3 The mechanisms of resistance can be broadly classi-
ed into intrinsic and acquired categories. Intrinsic resistance
in breast cancer involves various pathways and alterations,
contributing to treatment insensitivity, hindrance of antitumor
immunity, and promotion of cancer progression.4

Themajor factors of intrinsic resistance include (1) inherited
genetic alterations in tumor cells leading to unresponsiveness
to both traditional chemotherapy and targeted therapies, (2)
tumor heterogeneity, which encompasses subsets of cancer
stem cells capable of regenerating new tumor cells and causing
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recurrence, and (3) pharmacokinetic factors such as absorption,
distribution, metabolism, and excretion (ADME), as well as
pharmacogenetic patterns, which can limit the drug's efficacy in
reaching and acting upon tumor cells.5 Acquired resistance in
cancer refers to the development of resistance to treatment over
time, driven by genetic or environmental factors, leading to
reduced drug efficacy, therapy failure, and tumor progression.
This resistance can arise from (1) activation of secondary proto-
oncogenes, resulting in the emergence of a new driving gene, (2)
alterations in the tumor microenvironment following treat-
ment, and (3) modications in drug targets due to changes in
gene expression or mutation. Notably, CDK4/6 inhibition
demonstrates early adaptation and acquired resistance in
estrogen receptor-positive breast cancer.6,7

Multidrug resistance (MDR) is a phenomenon where cancer
cells become less responsive to multiple chemotherapeutic
drugs, oen leading to treatment failure. This resistance is
frequently associated with drug resistance-associated
membrane proteins (DRAMPs). DRAMPs operate through two
primary mechanisms: they can inuence drug accumulation
through physicochemical processes or actively expel drug
molecules from cells, thereby decreasing intracellular drug
concentration. Consequently, addressing drug resistance in
breast cancer may involve using microRNAs (miRs), which are
18–22 nucleotide long, single-stranded, non-coding RNA
molecules.8
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Several factors contribute to the development of resistance to
immunotherapy in breast cancer, including genetic modica-
tions and downregulation of cancer antigens. Additionally,
changes in the immune cell composition within the tumor
microenvironment further impede the effectiveness of immu-
notherapeutic interventions. These factors collectively hinder
the immune system's ability to detect and eliminate cancer
cells, reducing treatment efficacy. The paper highlights the use
of miR-based combinational therapy to combat drug resistance
in breast cancer.
2. Drug resistance in breast cancer

A signicant number of cancer patients show resistance to
treatment.9 In triple-negative breast cancer, resistance to rst-
line therapy is particularly high, impeding further treatment
efforts. Common breast cancer drugs work through various
mechanisms: hormonal treatments like tamoxifen, estradiol,
and letrozole modulate hormone activity involved in cell
proliferation; monoclonal antibodies such as trastuzumab
target HER2-positive cancer; and chemotherapeutic agents like
taxanes (e.g., paclitaxel and docetaxel) and anthracyclines (e.g.,
doxorubicin and daunorubicin) address different aspects of
Fig. 1 Schematic representation of the mechanism of drug resistanc
microenvironment, and EMT.

6080 | Nanoscale Adv., 2024, 6, 6079–6095
cancer growth.10 Breast cancer cells can become resistant to
chemotherapeutic drugs with different mechanisms (Fig. 1), as
discussed in the subsequent section.
2.1 Increased drug efflux

A primary problem associated with chemotherapy resistance is
decreased net drug accumulation within the cells caused by the
upregulation of drug efflux pumps.11 The ATP-binding cassette
(ABC) transporter superfamily is central to the drug efflux in
these cells. There are nine ABC genes in seven subfamilies:
ABCA, ABCD, ABCE, ABCB, ABCC, ABCF, and ABCG, and three
particular ABC transporters, i.e., ABCB1, ABCC1, and ABCG2,
have been implicated in MDR.12 ABCB1, MDR1/P-glycoprotein
(P-gp), is expressed in normal tissues but its higher expres-
sion in various cancers has been reported. The expression of
ABCB1 in breast tumors varies among individuals and has been
observed in cancers of the breast, kidneys, colon, adrenals,
pancreas, liver, prostate, and ovaries. The overexpression of
ABCB1 is associated with chemo-resistance. For instance, when
ABCB1 is silenced, its protein expression doubles in drug-
resistant SKBR3 and MCF-7 breast cancer cells.13

Epigenetic regulation affects both the expression and
transport of ABCB1. CpG islands in the proximal promoter
e in breast cancer, depicting changes in the cellular matrix, tumor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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region of ABCB1 are oen hyper-methylated, which may be
linked to decreased transcription of ABCB1 and improved
overall survival in individuals with ovarian and breast cancer.12

ABCG2, also known as breast cancer resistance protein (BCRP),
contributes to anticancer therapy resistance and is a marker of
cancer stem cells (CSCs). ABCG2 is a drug transporter capable of
expelling both positively and negatively charged drugs. The
overexpression of ABCC1 and ABCG2 is notably documented in
triple-negative breast cancer (TNBC) compared to other breast
cancer subtypes.14

2.2 Epigenetic modication

Epigenetic mechanisms can contribute to chemotherapy drug
resistance, includingmethylation at cytosine-guanine sites, which
enhance gene silencing, hypomethylation that upregulates onco-
genes, histone modications, and non-coding RNA alterations.15

Resistance can also develop against target-directed therapies due
tomutations in the causative proteins or epigenetic modications
that may change the proteins' expression levels. The demethyla-
tion of an oncogene's promoter region can lead to a pharmaco-
logical response by upregulating the gene.16 Conversely, hyper-
methylation of genes related to DNA repair can result in cell
cycle arrest. Some miRs, such as miR-21, target the PTEN gene,
promoting cancer cell proliferation; miR-10 modulates the PTEN/
AKT pathway, indicating positive progression of breast cancer;
and miR-27b-3p acts as a tumor suppressor targeting the PPARG
gene, which is responsible for promoting TNBC metastasis.17–19

The Food and Drug Administration (FDA) has approved epige-
netic drugs, such as DNA methylation inhibitors (DNA methyl-
transferase inhibitors) like AD-738, which is made from
azacitidine (decitabine; DAC), and histone deacetylase inhibitors
(HDACi), including vorinostat. 5-Azacitidine and entinostat were
put together as an epigenetic duo in a phase II clinical test for
women with advanced breast cancer.18 On the other hand, doxo-
rubicin administration to breast cancer tumors was shown to
possibly be connected to an increase in the risk of metastasis
through an increase of SIPA1 expression that can facilitate the
epithelial-mesenchymal transition in cancer cells.20

2.3 DNA repair

DNA damage is the primary mechanism through which
cisplatin, 5-uorouracil, gemcitabine, and methotrexate exert
their effects in cancer therapy. The inability to evoke an effective
DNA damage response (DDR) contributes to mutagenic events,
resulting in the loss of genetic information and leading to
cancer and neurological diseases. The DDR activates specic
DNA repair processes, potentially restoring the DNA lesions
introduced by these drugs.21 Key players in the DDR pathway,
especially the major ones like poly(ADP-ribose) polymerase
(PARP), are crucial targets for overcoming resistance. PARP
inhibitors have been widely used for cancer patients with
BRCA1/2 mutations and showed promising clinical activity.22,23

Consequently, cells have developed numerous DDR pathways
that cover different lesions' detection, signaling, and repair.24

These pathways include (1) mismatch repair (MMR), (2) trans-
lesion synthesis (TLS), (3) nucleotide excision repair (NER), (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
single-strand break (SSB) repair, (5) base excision repair (BER),
(6) non-homologous end-joining, and (7) Fanconi Anemia (FA)
pathway.25 Understanding these DDR pathways is essential for
elucidating the mechanisms behind drug resistance.

2.4 Alteration of drug targets

Mutations or alterations in the target are among the most
prevalent mechanisms through which drug resistance to
a therapeutic molecule can develop. Mutations in the primary
drug target or alternations in target proteins can modulate their
structure or function, reducing the binding affinity or efficacy of
the targeted therapy.26 The detection of specic miRs that can
control the expression of these receptors and their associated
cofactors has made it possible to understand the mechanisms
by which miRs respond to hormonal and targeted cancer ther-
apies. Anticancer drugs were developed to target topoisomerase
II, an enzyme that prevents DNA from becoming too coiled or
loosened.27 In most cases, the contact between DNA and topo-
isomerase II is temporary. Consequently, these drugs bind the
complex and thwart its function, leading to DNA damage, arrest
of DNA synthesis, and disconnect from the mitotic process
critical for cell division. Breast cancer treatment with estrogen
receptors oen leads to adaptations in the drug target and
results in drug resistance development. Tamoxifen (TAM) is
a drug that is usually given to patients with estrogen receptor-
positive (ER-positive) breast cancer to compete with estrogen
for the ligand-binding site of the estrogen receptor.28 However,
long-term exposure to TAM can lead to drug resistance through
mechanisms such as mutations and the reduction of estrogen
receptor expression. This issue has prompted the development
of new drugs, such as aromatase inhibitors (AIs).29

2.5 Epithelial-mesenchymal transformation (EMT)

Epithelial-mesenchymal transformation (EMT) is a process in
which epithelial cells become depolarised and lose their charac-
teristic adhesive nature, attaining migratory characteristics
similar to mesenchymal cells.30 During EMT, epithelial cells
undergo changes in protein expression and transcriptional events
in response to extracellular stimuli, which can be reversible or
irreversible.31 Epithelial cells lose their characteristic cell-to-cell
adhesion and acquire similar features to the mesenchymal stem
cells (MSCs). Treatment with docetaxel enriched for CD24+ cells
in breast cancer cell lines suggests the generation of new cancer
stem cells from non-stem cancer cells. This establishes a link
between CD24 expression, chemotherapy resistance, and stem
cell-like properties in cancer cells.32 The E-cadherin gene (CDH1),
highly expressed in epithelial cells but lowly expressed in
mesenchymal cells, is a controlling factor in EMT. When the
expression level of E-cadherin is reduced, non-invasive epithelial
cells gain invasiveness, increasing the metastatic potential of
tumor cells.33 Breast cancer cells with a mesenchymal phenotype
are more prone to developing resistance to chemotherapy drugs
and are associated with cancer stem cells. EMT mediates resis-
tance to apoptosis with cyclophosphamide administration in an
EMT-tracing mouse model.34 Recent studies have claried that
there is a resemblance between EMT cells and cancer stem cells
Nanoscale Adv., 2024, 6, 6079–6095 | 6081
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(CSCs), and these two cell types contribute to drug resistance in
different ways. The possible mechanism is that EMT cells share
many signalingmolecules with CSCs, such as those from theWnt,
Notch, and Hedgehog pathways.35 Thus, cells acquire resistance
against anticancer drugs and circumvent apoptosis induced by
drugs. For instance, TGF-b, a central cytokine extensively studied
in the context of EMT, has also been explored for its role in the
induction of drug resistance. The inhibition of TGF-b can reverse
the EMT process and, notably, increase the sensitivity of cancer
cells to chemotherapies. This highlights the potential of targeting
TGF-b to overcome drug resistance in cancer treatment.36
2.6 Tumor microenvironment

The tumor microenvironment comprises components that
involve stromal cells (broblasts, immune system cells, and
vascular cells), an extracellular matrix, soluble factors (growth
factors, transcription factors, hormones, and cytokines), signaling
molecules, hypoxia, and mechanical stress.37 These factors create
a supportive environment for metastasis, alter the gene expres-
sion of normal cells, facilitate the transfer of miR, cytokines, and
P-glycoprotein (P-gp) from resistant cells, and enhance their
survival. Recent studies has shown a cross talk between myeloid
derived suppressor cells (MDSC) and miRs, suggesting that miRs
are able to promote cancer cells and invasion. In some studies, it
was reported that MDSCs were able to overcome chemoresistance
(doxorubicin resistance) in breast cancer.38 DOX-MDSCs released
exosomalmiR-126a, which encouraged the development of IL-13+
Th2 T cells. These T cells secreted IL-13, further enhancing the
growth of DOX-MDSCs and the production of exosomal miR-
126.39 Anticancer drugs disrupt cancer cell functions through
various pathways, while also modifying the tumor microenvi-
ronment (TME). These treatments stimulate cancer-associated
broblasts (CAFs) to release a range of cytokines that trigger
signaling pathways, helping cancer cells evade destruction and
potentially leading to recurrence.40

Tumors typically grow under hypoxic conditions and rely on
glycolysis for energy.41 As a result, the expression levels of
metabolic enzymes increase, making cancer cells more resilient
to chemotherapeutic drugs through changes in the cellular
environment and metabolic pathways. The tumor microenvi-
ronment's pH can affect antitumor drug efficiency, which may
help cell growth, metastasis, and drug resistance.42 In an acidic
microenvironment, some drugs like doxorubicin, mitoxan-
trone, and epirubicin lose their ability to penetrate the tissue,
reducing their efficacy in binding to target cancer cells.43

Hypoxia contributes to an acidic tumor microenvironment,
leading to chemotherapy resistance. Therefore, the tumor
microenvironment's pH conditions can inuence chemothera-
peutics' effectiveness, affecting cell proliferation, metastasis,
and drug resistance.44,45
3. miR dysregulation in drug
resistance

MicroRNAs (miR) are small, non-coding RNA molecules that
can inhibit the translation of specic messenger RNA targets by
6082 | Nanoscale Adv., 2024, 6, 6079–6095
binding to their 30 untranslated region (UTR).46 The rst miR
was discovered in C. elegans in 1993.47 The biogenesis of miR
and the mechanism of regulation can be stated as follows: (1)
the miR gene is transcribed to Pri-miR by polymerase II in the
nucleus, (2) Pri-miR is processed by the Drosha/DGCR8
(DiGeorge Syndrome Critical Region Gene) complex to release
the intermediate precursor miR, (3) Pre-miR binds to the
Exportin5 complex, (4) Pre-miR is then processed into double-
stranded RNA by the Dicer complex in the cytoplasm, (5) the
miR duplex is unwound into a single strand by the action of
helicase, (6) the RNA strand with lower stability at the 50 end will
bind with the RNA-induced silencing complex (RISC), which
forms mature RNA and (7) MiRISC binds to the 30 untranslated
region (UTR) of target miR, thus inhibiting translation.46 During
the processing of miR, the expression and activity of the
involved proteins are tightly regulated. miRs play a crucial role
in regulating the expression of target genes, inuencing various
physiological and pathological processes. This regulatory
mechanism signicantly impacts tumor progression and the
development of resistance to oncogenic therapies.48

miRs are implicated in various human diseases, particularly
in the development and progression of cancers, including
ovarian, lung, gastric, colon, prostate, colorectal, pancreatic,
cervical, and breast.49 Their dysregulation can occur genetically
or epigenetically. Studies by Fazi et al. and Saito et al. under-
score the signicant role of epigenetic modications, such as
DNA methylation and histone acetylation, in regulating miR
expression and their potential implications in cancer develop-
ment and treatment. Fazi et al. discovered that the AML1/ETO
fusion protein, commonly associated with acute myeloid
leukemia, epigenetically silenced the expression miR-223
through CpG methylation.50 Saito et al. found that treating
T24 bladder cancer cells with DNA methylation and histone
acetylation inhibitors led to a signicant upregulation of 17 out
of 313 human miRs, including miR-127, which was accompa-
nied by the downregulation of the proto-oncogene BCL6.51

These ndings suggest that the epigenetic silencing of tumor
suppressor miRs contributes to cancer development. Reversing
these epigenetic modications through inhibitors could
potentially reactivate the expression of these miRs, thereby
exerting therapeutic effects (Fig. 2).50

RNase III enzymes Drosha and Dicer cleave miRs, crucially
regulating miR production. The downregulation of these
enzymes is observed in various malignancies, including breast
cancer.52 Dicer is particularly signicant in breast cancer
progression, where lower protein levels serve as an independent
predictive factor in both primary and metastatic stages. Studies
highlight distinct miR proles between cancerous and normal
cells.53 Dysregulated miRs are implicated in tumor progression
and resistance to cancer treatments. High-throughput
sequencing and microarrays of miRs in breast cancer cell
lines or tissues have identied multiple miRs linked to drug
resistance, underscoring their role in cancer onset and
progression.54 Approximately 25% of breast cancer cases in
humans exhibit amplication or overexpression of the HER2
gene.55 HER2-positive breast cancer cells have a known corre-
lation between the miR-21 expression and HER2/neu
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparative diagram of the biogenesis of regulatory miRs: normal regulation (blue) and dysregulated process (red).
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overexpression. Elevated miR-21 levels in these cells down-
regulate the expression of the tumor suppressor gene pro-
grammed cell death 4 (PDCD4), potentially through HER2/neu
pathways, promoting invasiveness and metastasis. PDCD4,
a critical tumor suppressor, is commonly downregulated in
cancers and functions to inhibit neoplastic events. Various
studies on the regulatory role of miRs in breast cancer drug
resistance are shown in Table 1.
3.1 Breast cancer subtypes

Breast cancer is categorized into four primary types based on
their molecular characteristics, proliferation rate, and prog-
nosis.75 (1) Luminal A: these receptor-positive tumors (with
estrogen and progesterone receptors and a low proliferation
rate) grow slower and have a better prognosis accordingly. (2)
Luminal B: they, too, have a similar expression of receptors but
with a higher proliferation rate, which indicates a more
aggressive form of the disease and is not always considered
curable.76 (3) Triple-negative: these tumors are characterized by
the absence of expression of the estrogen receptor, proges-
terone receptor, and human epidermal growth factor receptor 2
(HER2). The cancer is typically more aggressive, and there is
a tendency to have a poor prognosis.77 (4) HER2-overexpressing:
in these tumor cells, the HER2 gene is markedly overexpressed,
and hence, the HER2 protein accumulates in excess. HER2-
positive breast cancers are usually the aggressive ones that
have more chance of recurrence.78 Several treatments for breast
© 2024 The Author(s). Published by the Royal Society of Chemistry
cancer are currently available, including chemotherapeutic
drugs, targeted therapies, and hormonal therapies.79
3.2 Clinical management of breast cancer

In the clinical management of breast cancer, surgery is typically
succeeded by chemotherapy. Patients exhibiting over-expressed
or amplied HER2 gain signicant benets from targeted
therapeutic approaches. These include monoclonal antibodies
against HER2, such as trastuzumab, and small molecule tyro-
sine kinase inhibitors, which are administered in conjunction
with chemotherapeutic agents like doxorubicin, paclitaxel,
docetaxel, cyclophosphamide, and carboplatin. Despite
substantial progress in delineating the molecular proles of
luminal and HER2-positive breast cancers, the mechanistic
foundations of TNBC remain inadequately dened. Conse-
quently, chemotherapy remains the sole effective treatment
modality for TNBC.80 TNBC patients are usually given chemo-
therapy treatments that include drugs like doxorubicin (DOX),
cyclophosphamide (CFA), paclitaxel (PTX), or docetaxel (DTX).
The common chemotherapy protocols for TNBC are DOX/CFA,
DOX/CFA/PTX, and DTX/CFA.81 Despite the promising
outcomes of second-generation anti-HER2 therapies in HER2-
positive metastatic breast cancer, resistance to these treat-
ments remains a signicant challenge for the majority of
patients. Advancing our understanding of the underlying
mechanisms of drug resistance in HER2-targeted therapies is
essential for improving patient outcomes.82
Nanoscale Adv., 2024, 6, 6079–6095 | 6083
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Table 1 MicroRNA in drug resistance with potential targets in breast cancer

MicroRNA Expression levels Resistant drug Target Function Reference

miR-221 Upregulated Tamoxifen P27 kip1 Enhances proliferation and invasion 56
miR-155 Upregulated Doxorubicin FOXO Promotes proliferation and reduces

apoptosis
57

miR-30b Upregulated Trastuzumab CCNE2 Induces the apoptosis pathway 58
miR-26a Upregulated Trastuzumab CCNE2 Induces the apoptosis pathway 58
miR-21 Upregulated Trastuzumab PTEN, PDCD4 Cell survival, apoptosis, resistance to

systemic therapy
59

miR-107 Downregulated Paclitaxel E2F1 Promotes apoptosis 60
miR-7 Downregulate Trastuzumab EGFR Induces cell proliferation and metastasis 61
miR-128 Upregulated Letrozole TGBR1 Growth inhibitory effect of TGFb 62
miR-214 Downregulated Tamoxifen UCP2 Inhibition of autophagy 63
miR-159 Upregulated Doxorubicin Wnt Promotes apoptosis 64
miR-16 Upregulated Doxorubicin Bcl-2 Induces tumor cell apoptosis 65
miR-298 Upregulated Doxorubicin P-gp Alters MDR modulation 66
miR-302b Downregulated Cisplatin E2F1 Inhibit cell cycle progression 67
Let-7a Upregulated Paclitaxel ABCB10 Promotes invasion and autophagy 68
miR-375 Downregulated Trastuzumab IGF1R Reverse EMT 69
miR-125 Downregulated Trastuzumab ERBB2, ERBB3 Reverse EMT 70
miR-200c Downregulated Trastuzumab ZNF217, ZEB1 Inhibit TGF-b signaling 71
miR-27b Downregulated Tamoxifen HMGB3 Promotes apoptosis 72
miR-124 Upregulated Doxorubicin STAT3 Resists the mechanism of cancer stem

cells
73

miR-199b Downregulated Trastuzumab HER2 Inhibits ERK1/2 and AKT pathways 74
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The mechanisms of drug resistance are extensively studied,
revealing that the activation of various signaling pathways,
including Notch-1, RAS-MAPK, PI3K/mTOR, PI3K/AKT, and
estrogen receptors (ERs), can induce resistance to a range of
therapies.83 For example, Notch-1 activation in BRAF (V600E)
melanoma cells and breast cancer cells results in acquired resis-
tance to MAPK inhibitors and tamoxifen, respectively. Similarly,
resistance to chemotherapy is associated with the epidermal
growth factor receptor (EGFR) pathway, and the inhibition of
PI3K/mTOR and EGFR has been shown to enhance drug sensi-
tivity.84 Before the advent of targeted HER2 therapies, patients
with HER2-positive breast cancer experienced worse clinical
outcomes and prognoses. Resistance to HER2-targeted treat-
ments can arise from poor binding to HER2, insufficient receptor
inhibition, increased signaling from alternative receptors, and
activation of the PIK3CA pathway. The non-specic nature of
traditional chemotherapy and its concomitant toxicity to normal
tissues underscore the critical need for alternative approaches.
miR-based therapeutics present a compelling option, offering
precise gene suppression and the ability to address resistance by
concurrently modulating multiple signaling pathways.
4. Advantages of miR-based
therapeutics

Traditional chemotherapy inhibits DNA replication in cancer
cells but lacks specicity, causing signicant harm to normal
tissues. Therefore, the issue of low specicity and side effects on
healthy tissues is a signicant concern.85 In contrast, small
noncoding miRs offer a signicant advantage by effectively
suppressing multiple target genes simultaneously, thereby
6084 | Nanoscale Adv., 2024, 6, 6079–6095
modulating the expression of several genes of interest.86

Traditionally, most miR-based cancer research has concen-
trated on restoring or inhibiting the expression of miRs that are
dysregulated in cancer cells. Recent advancements, however,
have explored using miRs for targeted therapy delivery to
specic cells or tissues, a strategy known as miR-based detar-
geting.87 miR-based therapy has two main approaches: miR
replacement and miR inhibition.
4.1 miR replacement

The strategy to deal with metastasis in cancer is to regain the
levels of miRs that are under-expressed in the metastatic cancer
cells. This can be achieved using miR mimics, small, syntheti-
cally produced double-stranded RNA molecules. These mimics
include an antisense strand that matches the sequence of the
downregulated endogenous miR.88 By applying these miR
mimics, the expression and function of the targeted miR can be
restored in metastatic cells, potentially halting or reversing the
metastatic process.

miR mimics hold signicant therapeutic promise due to
several key advantages. Firstly, as smaller molecules, miR mimics
can efficiently enter the cytoplasm of target cells through systemic
delivery methods. Secondly, numerousmiRs are downregulated in
cancer, indicating that their tumor-suppressive functions gener-
ally outweigh their oncogenic roles. Thirdly, miR mimics can
target the same regulatory mRNAs as endogenous miRs due to
their sequence similarity. For instance, miR-148b-3p mimics
promote the expression of M2 macrophage-related genes (CD163,
CD206, IL-10, and arginase-1), while reducing M1 macrophage-
related genes (IL-1b and iNOS). Similarly, miR-365 mimics play
a critical role in reducing breast cancer growth and enhancing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemo-resistance by targeting GALNT4, which is involved in
glycosylation-based post-transcriptional protein modication
essential for cell proliferation and tumor progression.74,89,90 Addi-
tionally, the tumor suppressor BRCA1 induces the expression of
miR-145 and miR-205; thus, miR-145 and miR-205 mimics could
be valuable therapeutic strategies for BRCA1-related breast
cancer.91

4.2 miR inhibitors

An alternative approach to combating metastasis involves
inhibiting the activity of cancer-promoting miRs that are upre-
gulated during the metastatic process. By blocking these
oncogenic miRs, the expression of tumor suppressor genes,
typically silenced by these miRs, can be restored. miR inhibi-
tors, single-stranded oligonucleotides designed to complement
the sequence of the targetedmiR, achieve this by binding to and
sequestering the oncogenic miRs, preventing their incorpora-
tion into the RNA-induced silencing complex (RISC) and thus
nullifying their gene-silencing effects.92

One method of inhibiting miR progression is using antago-
miRs, oligonucleotides 100% complementary to mature miRs.
These molecules obstruct the miRISC complex, preventing miR
degradation and allowing translation to proceed. Anti-miR
oligonucleotides (AMOs), chemically modied, single-stranded
DNA-like molecules with 17 to 22 nucleotides, are designed to
specically inhibit selectedmiRs.93Current research is focused on
enhancing the robustness, delivery, and targeting of AMOs in vivo,
aiming to improve their precision and efficacy in clinical appli-
cations. AntagomiRs, particularly relevant in breast cancer,
inhibit well-established oncogenic miRs (oncomiRs) such as miR-
9 and miR-21. miR-21, for example, promotes cancer cell
signaling by activating the phosphatidylinositol 3-kinase pathway
via PTEN suppression and preventing apoptosis through the anti-
apoptotic protein Bcl-2. Studies have shown that antagomiR-21,
which inhibits miR-21 expression, increases apoptosis and
reduces proliferation rates in breast cancer cells.94

miR sponges, articially produced RNA molecules with
multiple binding sites for specic miRs, offer another means of
regulating miR levels.95 These sponges absorb endogenous
miRs, reducing their availability and activity within the cell,
thereby providing a valuable tool for modulating miR levels and
understanding their roles in cellular processes.96

Modulating the expression of miRs represents a potential anti-
cancer therapeutic strategy by inhibiting oncogenic miRs (onco-
miRs) or restoring tumor suppressor miRs.97 Three prominent
modulation approaches are (1) miR sponges, synthetic vectors
expressing transcripts with binding sites complementary to the
targeted miR and sequestering it from its miR targets. (2) Anti-
sense oligonucleotides like antagomirs and anti-miRs are chem-
ically modied oligonucleotides that can bind and inhibit miRs
with high affinity. (3) Genetic knockouts utilizing the CRISPR/
Cas9 genome-editing system to delete specic miR sequences.98

4.3 Challenges of miR based therapeutics in cancer

miR-based treatment options are gaining researchers' interest
due to their potential in cancer therapy. miRs can target
© 2024 The Author(s). Published by the Royal Society of Chemistry
multiple proteins that play critical roles in tumor progression,
drug resistance, and metastasis. However, signicant chal-
lenges remain in translating this potential into effective anti-
cancer therapies. The rst challenge is related to the stability
of miRs, as they are prone to degradation by nucleases present
in the blood. This issue can be addressed through chemical
modication of anti-miR oligonucleotides (e.g., 20-O-methyla-
tion and phosphorothioate linkages).99 The involvement of
a single miRNA in regulating multiple signaling pathways
presents both opportunities and challenges. Off-target effects
may lead to adverse outcomes.

Immunogenicity against synthetic miRs or viral vectors is
another concern. MRX34 trials for solid tumors were closed due
to the immunological adverse effect in the phase 1 trials.100

Tumors oen contain heterogeneous cell populations, and the
impact of a single miR may not be sufficient across various
tumor subtypes. Effective targeting of cancer cells remains a key
challenge in cancer therapeutics, and the precise delivery of
miRs to cancer cells is critical. Additionally, miR processing in
cancer cells is frequently dysregulated, complicating their
therapeutic use. Restoring miR function in such tumors pres-
ents further difficulties.99 Clinical data on the use of miRs in
breast cancer treatment are limited, and mutations in cancer
cells may pose challenges, potentially leading to resistance
against miR-based treatments. Addressing these challenges will
be essential for unlocking the full potential of miR-based
therapies. Various strategies, such as more precise delivery
systems, a deeper understanding of miR biology, and combi-
nation therapies, are being explored to overcome these
obstacles.
5. miR delivery systems

miR based drug delivery systems constitute a key element of
treatment approaches for breast cancer in a specic and tar-
geted fashion. Delivery systems can deliver miRs to tumor cells,
which allows miRs to modulate gene expression effectively.
Enhancing the expression of tumor-suppressive miRs or
silencing oncogenic miRs through miR therapy can disrupt
pathways critical for tumor proliferation and metastasis.
Modied carriers such as nanoparticles, liposomal vectors, and
viral vectors are employed to deliver miRs effectively, ensuring
better stability, bioavailability, and minimal off-target effects,
thereby improving therapeutic outcomes.101 There are two main
types of vectors used inmiR delivery systems: viral and non-viral
vectors, which are depicted in Table 2.
5.1 Viral vector delivery

Viral vector based delivery systems for miR therapeutics
commonly employ modied retroviruses, lentiviruses, adeno-
viruses, or adeno-associated viruses (AAVs) as vectors. These
vectors are genetically modied to be replication-decient,
enhancing their safety proles.114 The key advantage of using
viral vectors is their high transfection efficiency, resulting in
stable and elevated expression of the delivered miR mimics or
antagomirs within the target cells. By leveraging viruses' natural
Nanoscale Adv., 2024, 6, 6079–6095 | 6085

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00660g


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

5 
10

:0
0:

57
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
cellular entry mechanisms, these platforms can effectively
introduce and express desired miR modulators, enabling sus-
tained gene expression modulation for therapeutic purposes.

Retroviral vectors (RVs), derived from RNA viruses like the
Moloney murine leukemia virus, integrate therapeutic genes
into dividing cells. RVs have shown promise in regenerative
medicine, such as enhancing induced pluripotent stem (iPS)
cell production through miR-138 overexpression. However,
integration can cause insertional inactivation of critical genes,
posing a signicant risk.115

Lentiviral vectors (LVs), developed from lentiviruses like
HIV-2, can actively translocate across intact nuclear
membranes, targeting both quiescent and non-quiescent
cells.116 LVs have a reduced risk of insertional oncogenesis
compared to RVs, as they preferentially integrate within actively
transcribing units. They have been used effectively for deliv-
ering therapeutic miR mimics or antagonists, such as miti-
gating chronic metastasis using miR-494 sponges. Lentiviral
vectors related to RNA interference can easily silence CLDN1
expression in breast cancer, leading to reduced cell prolifera-
tion, migration, invasion, and inhibition of epithelial-
mesenchymal transition (EMT).117

Adenoviruses (Ads) and adeno-associated viruses (AAVs),
non-enveloped viruses with double-stranded or single-stranded
DNA genomes, are also used in miR delivery.118 Unlike other
viral vectors, AAVs are non-toxic and can achieve prolonged
gene expression. For example, AAV vector-mediated delivery of
miR-196a has been shown to attenuate spinal and bulbar
muscular atrophy phenotypes by silencing CELF2 and reducing
androgen receptor mRNA stability.97
5.2 Non-viral delivery

Non-viral delivery systems aim to facilitate the successful
delivery of miR molecules or miR-expressing vectors into target
cells while protecting them from nuclease degradation. These
approaches include chemical methods such as lipid, polymer,
inorganic, and extracellular vesicle-based carrier systems.119

Non-viral systems are less toxic, more biocompatible, and cost-
effective compared to viral vector-based delivery systems.120

Lipid-based carriers like liposomes and nanoparticles can
encapsulate and protect miR molecules, delivering them into
cells via membrane fusion or endocytosis.121 Polymer carriers,
such as PEI and PLGA, can condense and complex with miRs,
prolonging their lifespan, preventing degradation, and sup-
porting cellular uptake. Inorganic nanocarriers, including gold
nanoparticles, carbon nanotubes, 3-D scaffolds, and meso-
porous silica nanoparticles, are notable for miR transfers.
Nanovesicles can be target-specic by labeling them with tar-
geting moieties and loading them with miR molecules using,
for instance, surface adsorption and encapsulation inside the
porous structure.122

Extracellular vesicles, such as exosomes and microvesicles,
have shown great potential as natural carriers for miR
delivery.123 These vesicles can incorporate therapeutic miR and
efficiently deliver the cargo to target cells with low immunoge-
nicity and toxicity. Researchers focus on improving non-viral
6086 | Nanoscale Adv., 2024, 6, 6079–6095
delivery systems to enhance safety and biocompatibility for
precise gene expression regulation in various disease models,
including cancer. Gold nanoparticles conjugated with miR-206
have a potential role in targeted drug delivery in overcoming
breast cancer (Fig. 3).107

6. Combination treatment strategies

Multi-modal therapy offers the potential to increase treatment
effectiveness, reduce side effects, and prevent drug resistance by
combining multiple medications.124 miRs regulate approxi-
mately 30% of human genes, with about 50% related to tumor
development or progression. The contrasting mechanisms of
miRs and targeted agents can simultaneously control and
modify multiple pathways and targets, making combination
therapies more efficacious and benecial for cancer patients.
Multi-arm clinical trials are also ongoing to check the efficacy of
combination therapies, including pevonedistat (vorinostat),
belinostat, and romidepsin for the treatment of breast cancer,
metastatic breast cancer, metastatic castration-resistant pros-
tate cancer, andmetastatic ovarian cancer. Romidepsin has also
been clinically evaluated as a candidate in combination with
cisplatin nivolumab against metastatic TNBC patients.125 In
recent years, miR proling in various cancers has revealed that
these molecules can be either overexpressed or have lost their
function in tumor tissues compared to normal tissues.126

OncomiRs, overexpressed in tumors, promote abnormal growth
by negatively regulating tumor suppressor genes. Conversely,
anti-oncomiRs suppress tumor growth and exhibit anti-cancer
effects. Multiple studies have demonstrated that miRs are
crucial in regulating resistance to chemotherapy drugs by tar-
geting and regulating mRNAs involved in chemo-resistance.127

By altering key cell signaling pathways, miRs can signicantly
inuence a cancer cell's response to chemotherapeutic agents,
decreasing resistance or increasing sensitivity.128

In the eld of cancer treatment, the term “multidrug resis-
tance (MDR)” refers to the capability of cancer cells to survive
exposure to a wide range of anticancer drugs.129,130 MDR is
a complex phenomenon where cancer cells become nearly
invulnerable or insensitive to various drugs, regardless of their
molecular targets. This resistance signicantly obstructs
chemotherapy success and oen leads to treatment failure.123

However, the cellular pathways and biomarkers dening MDR
and the interactions between these factors remain largely
unknown, necessitating further investigation. Research has
highlighted the regulatory roles of microRNAs (miRs) in initi-
ating the MDR phenotype by modulating various biological
processes. Trastuzumab and lapatinib, for instance, have been
found to alter the types and levels of miRNAs in different breast
cancer cell lines.131

Using miR mimics (synthetic miRs) and inhibitors alongside
specic anticancer drugs is another strategy to overcome drug
resistance by targeting multiple possible resistance mecha-
nisms.132 For example, miR-21 is one of the miRs that confer
drug resistance by signicantly altering the expression of many
genes and pathways. Nanoparticle-based drug delivery mecha-
nisms and miR therapy help prolong the treatment duration
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Advantages and disadvantages of different miR delivery systems

Advantages Viral and non-viral based vectors Disadvantages References

Provides long-term gene expression by
integrating into the host genome

Risk of disrupting genes,
potentially causing cancer

102

Can deliver genes into both dividing and
non-dividing cells with long-term
expression

Risk of insertional mutagenesis
and potential immune responses

103

Low immunogenicity and stable long-
term expression

Limited transgene capacity
compared to other viral vectors

104

High specicity for bacterial targets,
making them useful for treating bacterial
infections

Limited effectiveness in
eukaryotic cells, restricting their
use in gene therapy for human
cells

105

Can encapsulate both hydrophilic and
hydrophobic drugs, improving drug
solubility and stability

Prone to rapid clearance by the
immune system, limiting
circulation time

106

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 6079–6095 | 6087
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Table 2 (Contd. )

Advantages Viral and non-viral based vectors Disadvantages References

High surface area allows for versatile
drug loading and targeted delivery

Potential toxicity and
accumulation in tissues, raising
safety concerns

107

Enhances the solubility of poorly water-
soluble drugs, improving bioavailability

Potential instability in the
bloodstream, leading to
premature drug release

108

Naturally derived, making them
biocompatible and less likely to trigger
immune responses

Challenges in large-scale
production and standardization
for therapeutic use

109

High drug-loading capacity and ability to
penetrate cells efficiently

Potential toxicity and difficulty in
biodegradation, raising safety
concerns

110

Highly branched structure allows for
precise drug delivery and targeting
capabilities

High production costs and
potential toxicity due to their size
and surface chemistry

111

Provides a supportive framework for cell
growth and tissue regeneration,
mimicking natural extracellular matrices

Complex fabrication processes
and potential issues with
biocompatibility and integration
into surrounding tissues

112

6088 | Nanoscale Adv., 2024, 6, 6079–6095 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Advantages Viral and non-viral based vectors Disadvantages References

Provides controlled and sustained drug
release, enhancing therapeutic efficiency

Potential for limited drug loading
capacity and challenges in large-
scale production

113
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and combat drug resistance by modifying oncogenes and
molecular pathways in tumor development.133 Smart drug
delivery systems (SDDSs) can also be co-delivered to cancer cells
or cells with an immunosuppressive role to improve their effi-
cacy at the target site by increasing drug localization.134 This
method addresses problems like the immunosuppressive
microenvironment and resistance to immunomodulatory
Fig. 3 Schematic of recent studies related to nanocarriers conjugated w
can induce apoptosis and inhibit EMT signalling and enhance sensitivity
Wnt/b catenin pathways, (B) lipoprotein conjugated with themiR-21 inhib
and (C) gold nanoparticles conjugated with the mir-206mimic; miR-206
G0–G1 cell arrest and changes the mitochondrial membrane potential.

© 2024 The Author(s). Published by the Royal Society of Chemistry
medicines, thereby enhancing cancer immunotherapy effi-
ciency. The co-delivery of miRs and chemical drugs provides
a powerful platform to overcome drug resistance in cancer
treatment by simultaneously targeting multiple pathways
involved in resistance.135 For instance, the combination of miR-
34a and docetaxel with core–shell nanocarriers has shown
a synergistic effect on overcoming breast cancer proliferation.136
ith miRs. (A) Liposomes conjugated with the miR-34a mimic; miR-34a
to chemotherapy by inhibiting the notch signalling, TGF-b-SMAD and
itor; it induces TPM1 and PI3K inhibits PTEN/PDCD, inducing apoptosis,
when given via the gold nano-complex stops cell proliferation, induces

Nanoscale Adv., 2024, 6, 6079–6095 | 6089

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00660g


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

5 
10

:0
0:

57
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
While monotherapy treatments have success in some cases,
patients with metastatic breast cancer oen do not respond to
single treatments. Developing resistance and ineffectiveness in
specic patient populations necessitate more effective thera-
peutics for better disease outcomes. Researchers have demon-
strated clinical benets associated with combining miR
mimics/inhibitors with diverse breast cancer therapies. For
instance, miR mimics and chemotherapeutic agents can ach-
ieve high treatment efficacy by targeting cancer stem cells and
increasing chemotherapy sensitivity.137 For example, miRs tar-
geting HER2 were revealed to make cancer cells sensitive to
antibodies against HER2 (trastuzumab) and tyrosine kinase
inhibitors (lapatinib), which might improve the treatment
outcome.138 Additionally, combining multiple miRs, such as
miR-124, miR-128, and miR-137, has shown superior efficacy in
disrupting cancer phenotypes and restraining glioma stem cell
growth. These results suggest that multi-miR combinations
could serve as important biomarkers for early detection of
breast cancer and identication of cancer subtypes.19

MicroRNAs (miRs) represent promising candidates for novel
therapeutic agent development, considering their multifaceted
advantages. Their small size and structural stability, conserved
across species, facilitate targeted molecule synthesis, offering
signicant potential in oncological and molecular biology
applications.101 Furthermore, the co-administration of letozole
(an aromatase inhibitor) with sorafenib (a multi-kinase inhib-
itor) has demonstrated synergistic effects by inhibiting cancer
cell proliferation in hormone-dependent breast cancer.139 This
indicates that combining these targeted drug approaches could
be highly effective for treating this type of breast cancer. When
integrated with targeted therapies, miR strategies promise to
enhance treatment outcomes across all types of cancer, adding
signicant value to cancer treatment.
Fig. 4 Schematic representation of the timeline in which miRs have evo

6090 | Nanoscale Adv., 2024, 6, 6079–6095
7. Preclinical and clinical evidence

Over the past two decades, research has highlighted the crucial
role of miRs in development, evolution, and disease. Several
preclinical and clinical studies have been carried out to deci-
pher the role of different malignancies.140,141 Joshi et al.142

investigated miRNA-mediated gene regulation in tamoxifen-
resistant breast cancer cells (TamR). This analysis found 22
miRs that are typically changed across TamR lines. It highlights
miR-regulated genes such as ESR1, PGR1, FOXM1, and 14-3-3,
as well as SNAI2 and FYN, which contribute to TamR prolifer-
ation. Furthermore, the expression of miRs such as miR-190b
and miR-516a-5p may aid in predicting treatment outcomes
in ER+ breast cancer patients, providing insights for future
therapeutic interventions. miRNAs like miR-128 and miR-223,
which regulate metabolism, could be targeted to reduce
tamoxifen resistance by depleting excess cholesterol.143

Researchers have also explored the synergistic effect of miR
mimics with trastuzumab and lapatinib in breast cancer cell
lines. Here, they found that higher expression of miR-101-5p
was associated with better prognosis in HER2-positive breast
cancer patients, underscoring its tumor-suppressing role and
potential in overcoming treatment resistance.131 The study by
Yixue Hu et al. demonstrated that the combination therapy of
triphenylphosphine-tocopherol polyethylene glycol succinate
nanoparticles encapsulated with chloride e6 and miR-34a
effectively enhanced photodynamic therapy (PDT) in TNBC.
This co-delivery system synergistically improved the anti-tumor
effects of miRNA and PDT in aggressive tumors, which is
evident by enhanced apoptosis of cancer cells and reduced
tumor cell migration and invasion.144 This combination had
enhanced tumor targeting compared to chloride e6 alone.

The treatment of miR-143 mimics inhibited cell proliferation
and migration and increased sensitivity to cisplatin therapy in
lved to therapeutic use in breast cancer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Clinical trials with miR therapeutics

MicroRNA
name

Targeted
miRNA Mode of action Background disease Route of administration Clinical trial number(s) References

MRX34 miR-34a miRNA mimic Solid tumors Intravenously/
vehicle transfer
(liposomal)

NCT01829971,
NCT02862145

146

MesomiR 1d miR-16 miRNA mimic Malignant pleural
mesothelioma,
non-small cell lung cancer

Intravenously/
vehicle transfer
(non-living minicells)

NCT02369198 147

MRG-106
(cobomarsen)

miR-155 miRNA mimics Adult T-cell leukaemia/
lymphoma (ATLL)

Intravenously/vehicle NCT03713320 148

INT-1B3 miR-193a-3p miRNA mimics Triple-negative
breast cancer (TNBC),
NSCLC, melanoma,
colon cancer, and HCC

Intravenously/
vehicle lipid nanoparticles

NCT04675996 149

TTX-MC138 miR-10b miRNA inhibitor Brain cancer,
breast cancer

Dextran-coated
iron oxide nanoparticles

NCT01849952 150
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breast cancer cells. It reduced the levels and phosphorylation of
oncoproteins in key pathways, like AKT, WNT/b-catenin, SAPK/
JNK, FAK, and JAK/STAT. This suggested that miR-143 may
predict response to neoadjuvant therapy and regulate signaling
networks to suppress cell proliferation and migration in breast
cancer.145 Those results from preclinical research strongly
suggest the tremendous efficacy of miR-based combination
therapy in circumventing drug resistance. It will thus be revo-
lutionary for breast cancer clinical care, as represented in Fig. 4.

The potential of miRs in regulating cell signaling pathways
paves the way for an in-depth study of potential miRs in a clin-
ical setup. However, there are limited studies on miRs and
breast cancer; here, we have covered some of the promising
clinical studies that have been done for various cancers. A
randomized clinical trial was carried out to study the differen-
tial expression prole of 84 miRs in normal and breast tumor
tissues (ClinicalTrials.gov identier: NCT04516330). Similarly,
miR-155 was explored for its diagnostic potential in bladder
cancer (ClinicalTrials.gov identier: NCT03591367). In another
study, researchers explored new miR markers for colorectal
cancer detection using fecal samples (ClinicalTrials.gov identi-
er: NCT05346757) (Table 3).151

The potential of miRs as predictors of cancer therapy efficacy
has been widely researched. In metastatic castration-resistant
prostate cancer, miRs are clinically proled to serve as predic-
tive markers for chemotherapy effectiveness (ClinicalTrials.gov
identier: NCT04662996), and the correlation between miR-141
and miR-375 with radiation resistance is also being studied in
prostate cancer in another study (ClinicalTrials.gov identier:
NCT02391051). Additionally, the capability of miRs to predict
the success of targeted immunotherapies has been explored,
with exosomal miR proling in lung cancer patients receiving
immunotherapy targeting PD-1 or PD-L1 (ClinicalTrials.gov
identier: NCT04427475). The relationship between blood miR
levels and resistance to chemotherapy drugs (epirubicin,
cyclophosphamide, paclitaxel, and carboplatin) is under inves-
tigation in TNBC patients (ClinicalTrials.gov identier:
NCT04771871). Additionally, the serum levels of microRNA
© 2024 The Author(s). Published by the Royal Society of Chemistry
(miR-M371) were assessed as indicators of resistance to
chemotherapy and radiotherapy in testicular germ cell tumors
(ClinicalTrials.gov identier: NCT05529251).

miR-34a is crucial in cancer treatment due to its regulation
by the tumor suppressor p53, which is oen altered in cancers.
The MRX34, a miR-34a mimic, showed promise in the rst
phase of the trial but faced setbacks due to immune-related
adverse events in the advanced phase of clinical trials.100 A key
observation from the study was that miR-34a effectively reduced
oncogene expression, highlighting its potential in overcoming
drug resistance in breast cancer.152 Future advancements in
synthetic miRmimics and delivery systems could establishmiR-
34a as a vital component of breast cancer therapy while
reducing the target effects of miRNA-based therapeutic agents.
Given the extensive evidence linking miRs to resistance against
various cancer treatments, there is a compelling need for more
clinical trials to validate the utility of miRs as predictive and
prognostic markers in cancer therapy.
8. Future perspectives

Recent advancements in gene therapy have revolutionized the
eld of cancer treatment, offering new hope for patients. They
can enhance treatment outcomes by directly targeting and
modifying genes playing a role in tumor growth and survival
pathways. Innovations such as CRISPR, miR mimics, and viral
vector technologies have signicantly improved the precision
and efficacy of these treatments, paving the way for personal-
ized and more effective cancer therapies. However, conditions
like inammatory diseases and cancer necessitate precise
control over effectively delivering the miR to the target site to
minimize systemic toxicity.153 miRs have emerged as a crucial
tool in predicting and treating drug-resistant cells in breast
cancer and downregulating or upregulating gene expression
directly affecting the drugs' pharmacokinetics.154

In the quest to combat drug resistance in breast cancer,
adopting a comprehensive approach that involves repurposing
existing drugs, pinpointing new therapeutic targets, and
Nanoscale Adv., 2024, 6, 6079–6095 | 6091
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employing advanced treatment techniques is highly warranted.
The successful transition of miR-based therapies from labora-
tory research to clinical application relies heavily on key steps,
like enhancing the stability of miR mimics or anti-miR oligo-
nucleotides and developing safe and efficient delivery systems.
Nanotechnology emerges as a promising avenue, empowering
the creation of nano-carriers capable of reducing adverse effects
on normal cells by delivering drugs directly to breast cancer
tissues. Nanoparticles, including liposomes and lipid carriers,
have successfully targeted drug delivery, particularly when
modied with HER-2 antibodies to create immunoliposomes.
These nanostructures, loaded with miRs and anticancer drugs
like doxorubicin (DOX), demonstrate enhanced specicity for
HER-2 positive breast cancer cells, thanks to HER-2-mediated
endocytosis. Clinical trials for lipid nanoparticles containing
the INT-1B3 drug and mir-193a-3p are in the initial phase of
a clinical trial for different cancer types, including TNBC.152

Furthermore, synergistic anticancer effects are observed with
nanocarriers such as pegylated liposomes, aptamers, exosomes,
and nanoowers. These carriers efficiently target cancer cells
through specic receptors and release their cargo directly into
the nucleus of proliferating tumor cells, showing great promise
in enhancing breast cancer treatment outcomes.

9. Conclusion

Drug resistance is the major obstacle to successful patient
outcomes, necessitating strategies to manage it effectively. The
role of miRs is well established in various diseases; as a result,
there are preclinical and clinical studies exploring their poten-
tial in disease management. miR-based bio-therapeutics hold
promise against MDR. The involvement of miRs in breast
cancer is well-established and supported by an extensive and
continuously growing body of scientic literature. In this
review, we examined the role of miRs in drug resistance,
emphasizing breast cancer and their possible role in combi-
nation therapy. miRs interact with various cellular components,
including proteins, messenger RNA, and non-encoding RNA.

The use of miRs as biomarkers for disease diagnosis and
monitoring treatment outcomes has been extensively investi-
gated. In cancer therapy, miRs hold immense potential, espe-
cially in overcoming challenges like chemo resistance, as
outlined in the previous sections. Recent advancements in
molecular biology and bioengineering are now poised to
address the limitations associated with miR-based therapies.
One such advancement is the bio-switchable miR mimic
delivery system (BiRDS), loaded with miR-27a mimics, which
offers advantages, including efficient synthesis, improved
storage stability, biocompatibility, and biosafety.155 Integrating
miR delivery systems with chemotherapeutic agents could
enhance therapeutic outcomes, particularly in breast cancer
management. Continued research and development in these
areas will be critical to harnessing the full potential of miR-
based treatments. Despite the hurdles, with continued innova-
tion and renement, miR therapies, combined with conven-
tional approaches, could signicantly advance cancer
treatment, especially in the battle against chemo resistance.
6092 | Nanoscale Adv., 2024, 6, 6079–6095
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González and C. Pérez-Plasencia, Technol. Cancer Res.
Treat., 2019, 18, 1533033819827309.

146 M. S. Beg, D. S. Hong, J. C. Sachdev, A. J. Brenner,
M. J. Borad, H. Y. Lim, T.-Y. Kim, C. Becerra, K. Park and
A. G. Bader, J. Clin. Oncol., 2016, 34, 15.

147 N. Van Zandwijk, N. Pavlakis, S. C. Kao, A. Linton,
M. J. Boyer, S. Clarke, Y. Huynh, A. Chrzanowska,
M. J. Fulham and D. L. Bailey, Lancet Oncol., 2017, 18,
1386–1396.

148 E. Anastasiadou, A. G. Seto, X. Beatty, M. Hermreck,
M.-E. Gilles, D. Stroopinsky, L. C. Pinter-Brown,
L. Pestano, C. Marchese and D. Avigan, Clin. Cancer Res.,
2021, 27, 1139–1149.

149 M. T. van den Bosch, S. Yahyanejad, M. F. Alemdehy,
B. J. Telford, T. de Gunst, H. C. den Boer, R. M. Vos,
M. Stegink, L. A. van Pinxteren and R. Q. Schaapveld,
Mol. Ther. Nucleic Acids, 2021, 23, 1161–1171.

150 A. M. Krichevsky and E. J. Uhlmann, Neurotherapeutics,
2019, 16, 319–347.

151 S. Duran-Sanchon, L. Moreno, J. M. Augé, M. Serra-Burriel,
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