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Abstract

Chemoresistance remains one of the greatest challenges in modern oncology and is responsible for most cancer-related deaths.
Growing evidence has identified non-coding RNAs (ncRNAs) as key regulators of resistance to anticancer therapy. These molecules
influence a wide range of classical resistance mechanisms, including drug efflux, apoptosis evasion, epithelial-mesenchymal
transition, enhanced DNA repair, altered drug metabolism, and autophagy. The growing understanding of ncRNA biology has
created new opportunities for clinical translation. Non-coding RNAs show considerable promise as predictive biomarkers of
treatment response and as therapeutic targets, several of which have already entered early-phase clinical evaluation. Nevertheless,
significant challenges remain, including the efficient and selective delivery, off-target effects, tumor heterogeneity, and redundancy
in ncRNA regulatory networks.
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INTRODUCTION to play a central role in oncology [4-6]. In low- and
middle-income countries, where access to newer
therapies is often restricted by cost and infrastructure
limitations, conventional chemotherapy accounts for
most of the systemic cancer treatment [7-9]. Even in
high-income countries, chemotherapy remains widely
used in first-line, second-line, and palliative settings,
frequently in combination with targeted therapies or
immunotherapeutic agents [8]. However, the
development of chemoresistance often undermines the
effectiveness of chemotherapy, posing one of the most
significant barriers to successful cancer treatment.
Chemoresistance refers to the ability of cancer cells to
survive and continue proliferating despite exposure to
drug concentrations that would normally be sufficient
to eliminate sensitive cells [10,11]. Clinically,
resistance is typically recognized by disease
progression during or following treatment, evidenced
by increasing tumor burden, the emergence of new
lesions, or worsening clinical symptoms. Based on its
timing and underlying biology, chemoresistance is
generally classified as either primary (intrinsic)
resistance, in which tumors fail to respond to treatment
from the outset, or acquired (secondary) resistance,
which develops after an initial period of therapeutic

Cancer remains one of the most significant public
health challenges of the 21st century. According to
Global Cancer Observatory (GLOBOCAN) estimates
for 2022, approximately 20 million new cancer cases
and 9.7 million cancer-related deaths occurred
worldwide [1]. Beyond its devastating impact on
patients and families, cancer places an enormous
economic burden on healthcare systems and societies,
making it a major obstacle to sustainable global
development [2]. Against this backdrop, systemic
chemotherapy has remained a cornerstone of cancer
treatment for more than eight decades [3]. Unlike
localized approaches such as surgery and radiotherapy,
chemotherapy can target disseminated tumor cells
throughout the body, making it indispensable for the
treatment of many hematological malignancies and
advanced solid tumors and as both adjuvant and
neoadjuvant therapy to reduce the risk of disease
recurrence. Despite the emergence of innovative
therapeutic modalities, including immunotherapy,
chimeric antigen receptor T-cell (CAR-T) therapy,
antibody—drug conjugates, and precision medicine
guided by genomic profiling, chemotherapy continues
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response [12]. The clinical consequences of
chemoresistance are profound. It is estimated to
contribute to most cancer-related deaths among
patients receiving systemic therapy. In advanced solid
tumors, five-year survival rates can decline
dramatically when resistance emerges, falling from
over 70% in treatment-sensitive disease to less than
15% in resistant tumors [13,14]. Beyond its impact on
survival, chemoresistance exposes patients to
prolonged courses of ineffective and often toxic
therapies, resulting in increased morbidity, diminished
quality of life, and substantial healthcare costs. Given
the continued reliance on chemotherapy and the
devastating consequences of treatment failure,
understanding the molecular basis of chemoresistance
remains a major research priority. Historically,
investigations have focused on protein-coding genes
and pathways, including oncogenes, tumor suppressor
genes, and drug transporters. These protein-based
mechanisms represent the direct effectors of resistance,
ultimately determining whether a cancer cell survives
or dies following chemotherapy. Several well-
established mechanisms contribute to resistance,
including increased drug efflux mediated by ATP-
binding cassette (ABC) transporters, enzymatic
inactivation of chemotherapeutic agents, genetic
alterations in drug targets, enhanced DNA repair
capacity, and dysregulation of apoptotic and pro-
survival signalling pathways [15-20]. While these
mechanisms remain critically important, the discovery
that much of the human genome is transcribed into
non-coding RNA has fundamentally transformed our
understanding of gene regulation and cancer biology.
Over the past decade, non-coding RNAs (ncRNAs),
particularly microRNAs (miRNAs), long non-coding
RNAs (IncRNAs), and circular RNAs (circRNAs),
have emerged as key regulators of chemoresistance
[21]. Unlike many protein-coding genes, these
molecules can simultaneously influence multiple
cellular pathways, including drug efflux, apoptosis,
DNA repair, autophagy, metabolic reprogramming,
and tumor—microenvironment interactions.
Understanding the role of ncRNAs in chemoresistance
extends far beyond academic interest. These molecules
offer considerable potential as predictive biomarkers
for treatment response, therapeutic targets for
overcoming resistance, and tools for personalized
cancer management. As such, -elucidating the
mechanisms by  which  ncRNAs  regulate
chemoresistance may ultimately lead to improved
therapeutic outcomes for the millions of patients
worldwide who continue to rely on chemotherapy. The
subsequent sections of this review analyze the roles of
the principal categories of ncRNAs in chemoresistance,
investigate their prospective clinical applications, and
address the obstacles that need to be overcome for
these findings to be effectively integrated into standard
patient care.

METHODS

A literature search was conducted covering
publications from May 2006 to May 2026. Relevant
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articles were identified using the keywords outlined
above and by searching across several databases and
search platforms, including PubMed, Google Scholar,
Web of Science, and ResearchGate. The retrieved
publications were screened by the author for relevance
to the scope of this review. Study selection was
informed by the scientific relevance of the articles,
citation patterns within the literature, and the overall
quality and impact of the publishing journals.
Publications that were considered outside the scope of
this narrative review were excluded. Although the
primary search period was restricted to May 2006—May
2026, earlier publications were included where they
provided important historical context or made a
seminal contribution to the understanding of the topic.

Overview of ncRNAs in Cancer Biology

To understand the specific roles of ncRNAs in
chemoresistance, it is essential to understand how they
are produced and regulate gene expression and how
their dysregulation contributes to cancer hallmarks.
The focus in this overview will be on the three major
ncRNA classes (microRNAs, long non-coding RNAs,
and circular RNAsS).

MicroRNAs

MicroRNAs (miRNAs) are small, single-stranded non-
coding RNA molecules typically 19-25 nucleotides in
length that play a central role in post-transcriptional
gene regulation [22-24]. Most functional miRNAs are
generated through the canonical biogenesis pathway,
which begins with the transcription of miRNA genes
by RNA polymerase II or, less commonly, RNA
polymerase III, as illustrated in Figure 1.

cytoplasm

Figure 1: Biogenesis and regulatory mechanisms of microRNAs,
circular RNAs, and long non-coding RNAs in cancer. Refer to the
complete list of abbreviations at the end of the manuscript.

This process produces a primary miRNA transcript
(pri-miRNA), a long RNA molecule containing a
characteristic stem-loop (hairpin) structure as well as a
5" cap and a poly(A) tail. Within the nucleus, the pri-
miRNA is recognized and processed by the
microprocessor complex, which consists of the RNase
III enzyme Drosha and its cofactor DGCRS (DiGeorge
syndrome critical region 8) [25]. This complex cleaves
the hairpin region to generate a precursor miRNA (pre-
miRNA), a ~70-nucleotide stem-loop structure
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characterized by a two-nucleotide 3’ overhang. The
pre-miRNA is then exported from the nucleus to the
cytoplasm by Exportin-5 (XPO5) (Figure 1). Once in
the cytoplasm, the RNase III enzyme Dicer, together
with accessory proteins such as TRBP or PACT,
removes the terminal loop of the pre-miRNA to
produce a double-stranded RNA duplex of
approximately 22 nucleotides [26]. This duplex
consists of a mature miRNA strand and a
complementary passenger strand (miRNA¥*). The
duplex is subsequently loaded onto an Argonaute
(AGO) protein, predominantly AGO2 in humans,
where strand selection occurs [27]. Generally, the
strand with the less stable 5’ end is retained as the guide
strand, while the passenger strand is degraded. The
mature miRNA-AGO complex forms the core of the
RNA-induced silencing complex (RISC), which
mediates gene silencing. The canonical function of
miRNAs involves sequence-specific binding to
complementary regions within target messenger RNAs
(mRNAs), resulting in translational repression and/or
mRNA  degradation [25,28,29]. Through this
mechanism, a single miRNA can regulate numerous
target genes and influence a wide range of cellular
processes. However, miRNAs are increasingly
recognized to possess non-canonical functions as well
[30]. These include the regulation of gene transcription,
activation of toll-like receptors (TLRs), interaction
with other non-coding RNAs through competitive
binding, and association with proteins outside the
Argonaute family (Figure 1). Dysregulation of
miRNAs is a common feature of many cancers and can
arise through multiple mechanisms, including genomic
alterations, epigenetic silencing, defects in miRNA
biogenesis, transcriptional deregulation, and disruption
of competitive endogenous RNA (ceRNA) networks.
Such alterations can profoundly affect tumor behavior,
including responses to chemotherapy.

Circular RNAs

Circular RNAs (circRNAs) are a recently recognized
class of non-coding RNAs (ncRNAs) distinguished by
their covalently closed-loop structure, which lacks the
5" cap and 3’ poly(A) tail characteristic of linear RNAs
[31]. For many years, circRNAs were dismissed as rare
splicing by-products or experimental artifacts.
However, advances in high-throughput RNA
sequencing and bioinformatics have revealed that
circRNAs are abundant, evolutionarily conserved, and
functionally important regulators of cellular processes.
CircRNAs are generated from precursor messenger
RNAs (pre-mRNAs) through a non-canonical splicing
event known as back-splicing, in which a downstream
splice donor site is covalently linked to an upstream
splice acceptor site, resulting in the formation of a
circular transcript [32,33] (Figure 1). Based on their
composition, circRNAs can be broadly classified into
three categories. Exonic circRNAs (ecircRNAs) are
composed entirely of exons and represent the most
abundant class. Circular intronic RNAs (ciRNAs) are
derived exclusively from intronic sequences and are
predominantly retained within the nucleus. Exon-—
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intron circRNAs (EIciRNAs) contain both exonic and
intronic regions and often participate in transcriptional
regulation [34]. One of the best-characterized functions
of circRNAs is their ability to act as molecular
"sponges" or decoys for microRNAs (miRNAs). Many
circRNAs contain multiple binding sites for specific
miRNAs, allowing them to sequester these molecules
and prevent them from interacting with their target
messenger RNAs [35]. Owing to their circular structure,
circRNAs are highly resistant to degradation by the
RNA-induced silencing complex (RISC), enabling
sustained miRNA sequestration [36]. A classic
example is ciRS-7 (CDRlas), which contains more
than 70 conserved binding sites for miR-7 [37]. In
cancers such as glioblastoma and colorectal cancer,
overexpression of ciRS-7 suppresses miR-7 activity,
leading to increased expression of oncogenic targets
including EGFR, AKT, BCL2, and FAK, thereby
promoting tumor growth and chemoresistance [38].
Beyond miRNA sponging, circRNAs can directly
interact with proteins, either enhancing their activity or
sequestering them away from their normal binding
partners. For example, circANRIL binds to PESI,
disrupting ribosome biogenesis and promoting
apoptosis [39]. Although traditionally classified as
non-coding RNAs, some circRNAs have also been
shown to encode functional peptides through internal
ribosome entry site (IRES)-mediated translation or N6-
methyladenosine (m6A)-dependent cap-independent
translation mechanisms [40]. Furthermore, nuclear-
localized circRNAs, particularly EIciRNAs and
ciRNAs, can regulate the transcription of their host
genes through interactions with RNA polymerase II
and Ul small nuclear ribonucleoprotein (Ul snRNP)
[41]. Accumulating evidence suggests that circRNAs
play a significant role in the development of
chemoresistance. In many cases, this occurs through
the sequestration of tumor-suppressive miRNAs [42].
Collectively, these findings highlight circRNAs as
important regulators of cancer biology and therapeutic
response. Their remarkable stability, tissue-specific
expression patterns, and ability to modulate multiple
resistance pathways make them promising biomarkers
and potential therapeutic targets for overcoming
chemoresistance.

Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are a diverse class
of RNA transcripts with more than 200 nucleotides that
possess little or no protein-coding capacity [43]. The
human genome contains tens of thousands of IncRNA
genes, with estimates ranging from approximately
20,000 to more than 100,000, potentially exceeding the
number of protein-coding genes. Like messenger
RNAs (mRNAs), most IncRNAs are transcribed by
RNA polymerase II and undergo canonical RNA
processing, including 5' capping, splicing, and
polyadenylation [44]. Compared with mRNAs,
IncRNAs are generally expressed at lower levels and
often exhibit remarkable tissue-, cell type-, and
developmental stage-specific expression patterns.
They also tend to be less evolutionarily conserved than
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protein-coding genes, reflecting their diverse and often
context-dependent functions. Based on their genomic
location relative to neighboring protein-coding genes,
IncRNAs can be classified into several categories,
including sense, antisense, intronic, intergenic, and
bidirectional transcripts [43,44]. Unlike microRNAs,
which primarily regulate gene expression through
sequence-specific interactions with target mRNAs,
IncRNAs exert their biological effects through a wide
variety of molecular mechanisms [45]. These functions
are often determined by their subcellular localization.
Nuclear IncRNAs predominantly regulate gene
expression at the transcriptional and epigenetic levels.
They can influence chromatin architecture, recruit
chromatin-remodelling complexes, modulate
transcription factor activity, and regulate alternative
splicing. Through these mechanisms, IncRNAs play
important roles in controlling cellular identity,
differentiation, and stress responses. In contrast,
cytoplasmic IncRNAs are more commonly involved in
post-transcriptional regulation [46]. Many act as
competing endogenous RNAs (ceRNAs), sequestering
microRNAs and preventing them from repressing their
target genes. Others influence mMRNA stability,
regulate translation, or function as molecular scaffolds
that facilitate the assembly of protein complexes and
signalling pathways.

Mechanistic Pathways of ncRNA-Mediated

Chemoresistance

This section examines the molecular mechanisms
through which non-coding RNAs (ncRNAs) contribute
to chemoresistance. Rather than acting as direct
effectors of resistance, ncRNAs regulate the expression
and activity of key proteins involved in a range of
biological processes that ultimately determine
therapeutic response. These processes include drug
efflux, evasion of apoptosis, epithelial-mesenchymal
transition (EMT), DNA damage repair, drug
metabolism, and autophagy, diagrammatically shown
in Figure 2.

Figure 2: Mechanisms of chemoresistance in cancer. Non-coding
RNAs (ncRNAs) regulate every classical resistance mechanism, and
each pathway has multiple ncRNA regulators.
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Drug efflux and drug transport

One of the best-characterized mechanisms of
chemoresistance is the active removal of anticancer
drugs from tumor cells by ATP-binding cassette (ABC)
transporters [11,47]. These transmembrane proteins
utilize energy derived from ATP hydrolysis to export a
wide variety of chemotherapeutic agents, thereby
reducing intracellular drug concentrations below
cytotoxic levels. Among the large ABC transporter
family, three members account for most clinically
relevant multidrug resistance (MDR): ABCBI1 (P-
glycoprotein; P-gp), ABCC1 (multidrug resistance-
associated protein 1; MRPI1), and ABCG2 (breast
cancer resistance protein; BCRP) [48]. Overexpression
of these transporters is frequently observed in both
intrinsic and acquired drug resistance. Emerging
evidence indicates that ncRNAs act as key upstream
regulators of ABC transporter expression at both the
transcriptional and post-transcriptional levels [49].
MicroRNAs (miRNAs) play a particularly important
role in controlling drug transporter expression.
Numerous tumor-suppressive miRNAs directly bind to
the 3’ untranslated regions (3'UTRs) of ABC
transporter mRNAs, promoting their degradation or
inhibiting their translation [50]. Consequently, loss of
these miRNAs is a common feature of chemoresistant
cancers. For example, miR-27a and miR-451 directly
target the 3'UTR of ABCBI1 and modulate the
PTEN/AKT signalling pathway [51]. In ovarian cancer,
reduced miR-27a expression is associated with
increased ABCBI levels and resistance to paclitaxel,
whereas restoration of miR-27a re-sensitizes tumor
cells to treatment. Similarly, miR-145 directly
suppresses both ABCB1 and ABCCI1 expression in
doxorubicin-resistant cancers, and the re-expression of
miR-145 restores drug sensitivity [52-54]. Not all
miRNAs regulate ABC transporters through direct
binding. Some act indirectly by targeting transcription
factors or signalling pathways that control transporter
expression. The miR-200 family, particularly miR-
200b and miR-200c, suppresses the transcription
factors ZEB1 and ZEB2, which are central regulators
of EMT. ZEB1 has also been shown to enhance
ABCBI transcription [55]. Consequently, loss of miR-
200c leads to increased ZEBI activity, elevated
ABCBI expression, and enhanced drug resistance.
Reintroducing miR-200c reduces ABCBI levels and
restores paclitaxel sensitivity in ovarian cancer models
[56]. Conversely, oncogenic miRNAs (oncomiRs) can
promote resistance by activating signaling pathways
that upregulate transporter expression. For instance,
miR-21 suppresses PTEN, leading to activation of the
AKT pathway and subsequent NF-kB-mediated
transcription of ABCB1 [57]. Circular RNAs
(circRNAs) have also emerged as important regulators
of drug efflux. Their covalently closed-loop structure
renders them highly stable and particularly effective as
miRNA sponges, allowing sustained derepression of
ABC transporter expression. A well-characterized
example is circPVT1, which sequesters the tumor-
suppressive miRNAs miR-145-5p and miR-497-5p,
both of which normally inhibit ABCBI expression.
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Elevated circPVT1 expression has been reported in
drug-resistant gastric cancer cells, and its knockdown
reduces ABCBI1 levels while restoring sensitivity to
doxorubicin [58]. Long non-coding RNAs (IncRNAs)
regulate ABC  transporters through  several
complementary mechanisms. Some function as
competing endogenous RNAs (ceRNAs), sequestering
miRNAs that would otherwise suppress transporter
expression. For example, the IncRNA H19 acts as a
sponge for members of the let-7 family, which
normally target ABCB1 and ABCCI transcripts.
Increased H19 expression has been associated with
ABCBI overexpression and doxorubicin resistance in
both breast and gastric cancers, whereas H19 silencing
reduces transporter expression and enhances drug
sensitivity [59].

Apoptosis evasion

The ability to evade apoptosis is one of the defining
hallmarks of cancer and a major contributor to
chemoresistance  [11,60]. Most  conventional
chemotherapeutic agents exert their cytotoxic effects
by inducing DNA damage, which activates the intrinsic
(mitochondrial) apoptotic pathway. In response to
DNA damage, the tumor suppressor protein TP53
promotes the transcription of pro-apoptotic members of
the BCL2 family, including PUMA, NOXA, BAX, and
BAK. These proteins trigger mitochondrial outer
membrane permeabilization (MOMP), leading to the
release of cytochrome c¢ into the cytoplasm.
Cytochrome ¢ subsequently activates caspase-9 and the
downstream  executioner caspases, particularly
caspase-3, culminating in programmed cell death.
Cancer cells frequently acquire resistance to
chemotherapy by disrupting key components of this
apoptotic machinery. Non-coding RNAs (ncRNAs)
contribute to apoptosis evasion at virtually every stage
of the pathway. These mechanisms include
upregulation of anti-apoptotic proteins such as BCL2,
BCL-XL, MCL-1, and BFL-1, suppression of pro-
apoptotic BCL2 family members, inhibition of TP53
activity, and interference with caspase activation [61].
MicroRNAs (miRNAs) play a central role in regulating
apoptotic signalling, with the balance between tumour-
suppressive miRNAs and oncogenic miRNAs
(oncomiRs) often determining whether a cell
undergoes apoptosis or survives chemotherapy (Figure
3) [62]. Prominent tumor-suppressive miRNAs include
miR-34a, miR-15a, members of the let-7 family, and
the miR-200 family, all of which promote apoptosis by
repressing genes involved in cell survival and
proliferation. In contrast, oncomiRs such as miR-21,
miR-155, and miR-221/222 enhance chemoresistance
by suppressing tumor suppressor genes and activating
pro-survival signaling pathways. Circular RNAs
(circRNAs) influence apoptosis predominantly
through their ability to function as miRNA sponges. A
notable example is ciRS-7 (CDR1as), which sequesters
miR-7, a microRNA that normally suppresses several
oncogenic targets, including BCL2, EGFR, and AKT1
[63].
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Figure 3: The influence of tumour suppressor microRNAs and
oncogenic microRNAs (oncomiRs) on tumour suppression or growth.
High levels of tumour suppressor microRNAs tip the balance in
favour of tumour suppression.

Overexpression of ciRS-7, therefore, leads to increased
expression of these pro-survival factors, promoting
resistance to oxaliplatin and 5-fluorouracil (5-FU) in
colorectal cancer. Long non-coding RNAs (IncRNAs)
regulate apoptosis through a variety of interconnected
mechanisms. Among the best-characterized examples
is MALATI, which promotes chemoresistance by
enhancing survival signaling and suppressing apoptotic
pathways [64]. MALAT1 can activate the AKT
pathway through sequestration of miR-200 family
members, thereby relieving repression of PTEN. It can
also sponge miR-101, resulting in increased expression
of the anti-apoptotic proteins MCL-1 and BCL2.
MALATT1 has also been shown to interact directly with
TP53, which keeps it in the cytoplasm and makes it less
able to activate pro-apoptotic gene transcription.

Epithelial-mesenchymal transition and

cancer Sstemness

(EMT)

Epithelial-mesenchymal transition (EMT) is a cellular
reprogramming process that enables epithelial cancer
cells to acquire mesenchymal characteristics, including
enhanced migratory capacity, invasiveness, and
resistance to therapy. EMT is orchestrated by a
network of master transcription factors, most notably
ZEB1, ZEB2, SNAIL1, SNAIL2, TWIST1, TWIST2,
and FOXC2, which collectively suppress epithelial
traits and promote mesenchymal gene expression
[65,66]. Cancer cells that undergo EMT often display
a marked increase in chemoresistance through several
complementary mechanisms [11,67]. These include
reduced proliferative activity, which diminishes the
effectiveness of chemotherapeutic agents that
preferentially target rapidly dividing cells; increased
expression of ATP-binding cassette (ABC)
transporters that promote drug efflux; enhanced
autophagy and anti-apoptotic signalling; and the
acquisition of cancer stem cell (CSC)-like properties.
The latter are particularly important, as CSCs possess
self-renewal capacity and are frequently associated
with tumor recurrence, metastasis, and resistance to
multiple therapeutic modalities. Importantly, EMT is a
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reversible process. Following the cessation of
treatment, mesenchymal-like cells can undergo
mesenchymal-to-epithelial transition (MET), re-
establish  proliferative tumor populations, and
contribute to disease relapse [68]. Among the various
non-coding RNAs involved in EMT regulation, the
miR-200 family is widely regarded as a master
suppressor of the EMT program [69]. Members of this
family directly bind to the 3’ untranslated regions of

ZEB1 and ZEB?2 transcripts, inhibiting their expression.

Since ZEB1 and ZEB2 are potent transcriptional
repressors of CDHI1, the gene encoding E-cadherin,
miR-200 expression helps maintain the epithelial
phenotype. Loss of miR-200 family members is a
common feature of aggressive and chemoresistant
cancers and is frequently observed in circulating tumor
cells (CTCs) from patients with advanced disease [70].
Notably, reduced miR-200 expression has been
associated with poor response to chemotherapy and
adverse clinical outcomes. Circular RNAs (circRNAs)
can promote EMT by interfering with miRNA-
mediated regulation of EMT transcription factors. A
notable example is circ-ZEB1, which is generated from
the ZEB1 genomic locus. Circ-ZEB1 functions as a
sponge for members of the miR-200 family, thereby
relieving repression of ZEB1 and establishing a
positive feedback loop that further enhances EMT
signalling [71]. Elevated circ-ZEB1 expression has

been linked to increased invasiveness, chemoresistance,

and poor prognosis in cancers such as glioblastoma and
hepatocellular carcinoma. Long non-coding RNAs
(IncRNAs) also play prominent roles in EMT-driven
chemoresistance. MALATI1, mentioned earlier,
promotes EMT through multiple interconnected
mechanisms. MALATI can sequester members of the
miR-200 family, particularly miR-200c, thereby
facilitating ZEB1 and ZEB2 expression [72]. In
addition, MALATI1 has been shown to enhance the
expression of several key EMT-inducing transcription
factors, including ZEB1, ZEB2, SNAII, and TWIST]I,
through various signaling pathways. Functional studies
have demonstrated that MALAT1 knockdown can
reverse EMT, suppress invasive behavior, and restore
sensitivity to chemotherapeutic agents such as
gemcitabine in pancreatic cancer models [73,74].

DNA damage repair (DDR)

Many commonly used chemotherapeutic agents,
including platinum compounds, alkylating agents,
topoisomerase inhibitors, and anthracyclines, exert
their anticancer effects by inducing DNA damage
[4,18,75]. The effectiveness of these drugs depends
largely on the inability of cancer cells to repair the
resulting DNA lesions. To counteract this damage,
cells employ several DNA damage repair (DDR)
pathways, including nucleotide excision repair (NER),
homologous recombination (HR), non-homologous
end joining (NHEJ), base excision repair (BER), and
mismatch repair (MMR). Cancer cells frequently
enhance the activity of these repair mechanisms,
allowing them to survive chemotherapy-induced DNA
damage. Non-coding RNAs (ncRNAs) have emerged
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as important regulators of DDR, influencing repair
processes at multiple molecular levels (Figure 4) [76].

Chemotherapeutic Agent
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Figure 4: Non-coding RNA regulation of DNA damage response
(DDR) pathways in chemoresistance. Non-coding RNAs regulate all
major DDR pathways. Low tumour suppressor microRNAs allow
enhanced DNA repair and resistance. Refer to the complete list of
abbreviations at the end of the manuscript.

Non-co drm.l!\\ e.g.
miR-192; miR-215 acting
as brakes on repair

|_

Among microRNAs, miR-192 and miR-215 are
notable regulators of the NER pathway. Both directly
target the 3’ untranslated region of ERCC1, a key DNA
repair protein involved in the removal of platinum-
induced DNA adducts [77,78]. These microRNAs are
induced by TP53 following DNA damage and act to
suppress ERCC1 expression. Reduced levels of miR-
192 and miR-215 have been associated with increased
ERCC1 expression and poor responses to cisplatin
therapy in non-small cell lung cancer (NSCLC) and
ovarian cancer. Another important example is miR-9,
which negatively regulates homologous recombination
by directly targeting BRCA1 through binding to its
3'UTR, thereby reducing the cell’s capacity to repair
double-strand DNA breaks [79]. Circular RNAs
(circRNAs) can also modulate DNA repair, although
their mechanisms are not always based on miRNA
sponging. A notable example is circFoxo3, which
directly interacts with the DNA damage response
kinases ATM and CHK?2 [80]. Through these protein-
protein interactions, circFoxo3 enhances DNA damage
signalling and promotes HR repair. Silencing
circFoxo3 reduces HR efficiency and restores
sensitivity to doxorubicin in resistant breast cancer
cells [81]. Importantly, this represents a protein-
binding mechanism rather than the more commonly
described miRNA sponge function of circRNAs. Long
non-coding RNAs (IncRNAs) are similarly involved in
regulating DDR pathways. NEATI promotes
homologous recombination repair through interactions
with epigenetic regulators such as EZH2 and by
influencing the expression of RADS51, a central
mediator of HR repair [82,83]. Elevated NEATI
expression has been linked to cisplatin resistance in
ovarian cancer [84,85].
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Drug metabolism

Another important mechanism of chemoresistance
involves alterations in drug metabolism. Cancer cells
can increase the expression and activity of phase I and
phase II drug-metabolizing enzymes, enabling them to
detoxify or inactivate chemotherapeutic agents before
they exert their cytotoxic effects [86,87]. Phase I
reactions primarily involve oxidation and reduction
processes, whereas phase Il reactions help conjugate
and eliminate drugs. Key enzyme families implicated
in chemoresistance include the cytochrome P450
(CYP450) enzymes, particularly CYP1B1, CYP3A4,
and CYP2CS, as well as glutathione S-transferases
(GSTs), such as GSTzn and GSToa, and uridine
diphosphate glucuronosyltransferases (UGTs),
including UGT1A1 and UGT2B7 [88,89]. MicroRNAs
(miRNAs) play a major role in regulating the
expression of these metabolic enzymes. For example,
miR-27b directly targets CYP1B1, and loss of miR-27b
expression in breast cancer leads to increased CYP1B1
levels, enhanced docetaxel metabolism, and reduced
drug efficacy [90]. Similarly, miR-148a negatively
regulates CYP3A4, one of the most important drug-
metabolizing enzymes in humans [91].
Downregulation of miR-148a in liver cancer has been
associated with elevated CYP3A4 expression and
diminished responsiveness to irinotecan [92,93].
Compared with miRNAs and IncRNAs, relatively little
is currently known about the role of circular RNAs
(circRNAs) in regulating drug metabolism.
Nevertheless, emerging evidence suggests that
circRNAs may indirectly influence the expression of
metabolic enzymes by acting as sponges for miRNAs
that normally suppress these targets [94-96]. This
remains an active area of investigation, and further
studies are needed to clarify the contribution of
circRNAs to metabolism-driven chemoresistance.
Long non-coding RNAs (IncRNAs) have also been
implicated in the regulation of drug-metabolizing
enzymes through a variety of mechanisms. The
IncRNA HI19, for example, has been shown to
influence CYP3A4 transcription through interactions
with transcriptional regulatory proteins, a mechanism
that may contribute to methotrexate resistance [97].
Another IncRNA, HCPS, promotes chemoresistance by
both stabilizing CYP1B1 mRNA and sponging miR-
3619-5p, a microRNA that normally suppresses GSTn
expression [98,99]. Elevated HCP5 levels have been
reported in platinum-resistant ovarian cancer,
supporting its role in drug detoxification and treatment
failure [100].

Autophagy

Autophagy is an evolutionarily conserved lysosomal
degradation pathway that enables cells to recycle
damaged organelles, proteins, and other intracellular
components under conditions of stress. In cancer,
autophagy plays a complex and context-dependent role,
functioning as either a survival mechanism or a cell
death pathway [101]. In its cytoprotective form,
autophagy promotes tumor cell survival by removing
damaged cellular components, reducing oxidative
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stress, and providing metabolic substrates during
periods of nutrient deprivation or therapeutic stress.
Conversely, excessive or sustained autophagy can
contribute to cell death. In the setting of
chemoresistance, however, cytoprotective autophagy
is most observed and is frequently upregulated in
response to anticancer treatment. Several key proteins
regulate the autophagic process, including Beclin-1
(BECN1), LC3-II (microtubule-associated protein 1
light chain 3-II), ULK1, and a range of autophagy-

related  genes (ATGs) [102]. Numerous
chemotherapeutic agents have been shown to induce
cytoprotective  autophagy, including platinum

compounds, taxanes, tyrosine kinase inhibitors, PARP
inhibitors, and antimetabolites. Activation of this
pathway can allow cancer cells to withstand treatment-
induced stress, thereby contributing to therapeutic
resistance. MicroRNAs (miRNAs) are important
regulators of autophagy and exert their effects by
targeting autophagy-related genes, key autophagy
proteins, and upstream signalling pathways such as
AMPK and mTOR. Depending on the specific targets
involved, miRNAs can either suppress autophagy and
restore drug sensitivity or enhance autophagy and
promote resistance. One well-characterized example is
miR-30a, which directly targets the 3’ untranslated
regions of BECNI1 and ATGS, thereby reducing
autophagosome formation [103]. Overexpression of
miR-30a decreases Beclin-1 expression, inhibits
autophagy, and resensitizes ovarian cancer cells to
cisplatin. In contrast, miR-21 promotes
chemoresistance by suppressing PTEN, leading to
activation of the PI3K/AKT signalling pathway and
enhanced survival of pancreatic cancer cells exposed to
gemcitabine [104]. MiR-21 can also suppress TSC1, a
negative regulator of mTOR, highlighting the complex
and context-dependent nature of miRNA-mediated
autophagy  regulation [105]. Circular RNAs
(circRNAs) influence autophagy primarily through
their ability to function as miRNA sponges. For
example, circPVT1 promotes autophagy by
sequestering miR-145-5p and miR-497-5p, which
normally suppress ATG14 and ATG7, respectively.
Increased circPVT1 expression has been associated
with enhanced autophagic activity and cisplatin
resistance in gastric cancer (see Figure 5 depicting the
involvement of this circular RNA as a part of a
competing endogenous RNA, ceRNA, network)
[58,106]. Long non-coding RNAs (IncRNAs) regulate
autophagy through a variety of mechanisms, including
miRNA sponging, protein scaffolding, and modulation
of signaling pathways. MALATI, which promotes
cytoprotective autophagy through several
complementary mechanisms, can sponge miR-101,
thereby increasing expression of ATG4D and miR-30a,
resulting in elevated Beclin-1 levels [107]. In addition,
MALATTI has been reported to interact directly with
and stabilize autophagy-related proteins such as LC3
and Beclin-1, further enhancing autophagic flux. In
contrast, the IncRNA GASS5 functions as a negative
regulator of autophagy. GASS5 suppresses autophagy
primarily by sponging miR-21, thereby counteracting
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one of the major pro-autophagic pathways involved in
chemoresistance [108].

Target mRNAs

—] repression

waneeb derepression

Figure 5: An example of competing endogenous RNA (ceRNA)
network orchestrating chemoresistance and illustrating the possible
complexity of interactions involved. In resistant cells, H19, PVTI,
and circPVT]1 are upregulated. They sponge miR-145 and miR-497,
derepressing ABCBI (drug efflux) and ATG7/ATGl14
(cytoprotective autophagy) prompting chemoresistance. Restoring
miR-145/miR-497 or targeting H19/PVT1/circPVT1 resensitises
cells to doxorubicin and cisplatin. The complete list of abbreviations
is available at the end of the manuscript.

Reduced GASS5 expression has been observed in
cisplatin-resistant ovarian cancer, whereas the
restoration of GASS5 expression inhibits autophagy and
resensitizes tumor cells to chemotherapy.

Conclusions

The recognition of non-coding RNAs as key regulators
of chemoresistance has significantly advanced our
understanding of how cancer cells adapt to therapeutic
pressure. Instead of just being by-products of gene
expression, ncRNAs are involved in controlling many
resistance mechanisms, such as drug efflux, avoiding
apoptosis, epithelial-mesenchymal transition,
repairing DNA damage, changing drug metabolism,
and autophagy. Through their extensive and
interconnected regulatory networks, ncRNAs influence
both intrinsic and acquired resistance across a wide
range of malignancies. The growing body of evidence
reviewed here demonstrates the potential of ncRNAs
not only as mechanistic drivers of chemoresistance but
also as promising biomarkers for predicting treatment
response and disease progression. Furthermore,
therapeutic approaches targeting ncRNA networks
offer new opportunities to overcome resistance and
enhance the effectiveness of existing anticancer
therapies. Despite these advances, several challenges
continue to limit clinical translation. The complexity
and context-dependent nature of ncRNA signaling,
tumor heterogeneity, network redundancy, and the
difficulties associated with efficient and selective
delivery remain significant obstacles. Addressing these
issues will require the integration of emerging
technologies, including single-cell transcriptomics,
advanced RNA delivery platforms, liquid biopsy
approaches, and artificial intelligence-assisted network
analysis. As our understanding of ncRNA biology
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continues to evolve, it is becoming increasingly clear
that these molecules occupy a central position in the
molecular landscape of chemoresistance. Continued
investigation of ncRNA regulatory networks is likely
to provide valuable insights into cancer biology and
may ultimately lead to more precise and effective
therapeutic strategies for patients with treatment-
resistant diseases.

Abbreviations

5-FU: 5-fluorouracil; ABC: ATP-binding cassette;
AGO: Argonaute protein; AKT: protein kinase also
known as PKB; AMPK: AMP-activated protein
kinase; ATGs: autophagy-related genes; BAX: BCL2-
associated X protein; BCL-XL: B cell lymphoma-
extra-large; BCL2: B cell leukemia/lymphoma 2;
BCRP: breast cancer resistance protein or ABCG2;
BECNI: Beclin-1; BER: base excision repair; BFL-1:
BCL-related protein Al; BRCA: breast cancer
protein/gene; CAR-T: chimeric antigen receptor T-
cell; ceRNA: competitive endogenous RNA; CHK2:
checkpoint kinase 2; circRNAs: circular RNAs;
ciRNAs: circular intronic RNAs; CSC: cancer stem
cell; CTCs: circulating tumor cells; CYP450:
cytochrome p450 (massive and diverse superfamily of
enzymes); DDR: DNA damage repair; ecircRNAs:
exonic circular RNAs; EGFR: epidermal growth factor
receptor; EICIRNAS: exon-intron circular RNAs; EMT:
epithelial-mesenchymal transition; ERCC1: excision
repair cross-complement group 1; EZH2: enhancer of
zeste homolog 2; FAK: focal adhesion kinase; FOXC2:
forkhead box C2; GSTs: glutathione-S-transferases;
HR: homologous recombination; IRES: internal
ribosome entry site; LC3-II microtubule-associated
protein 1 light chain 3-II; LINP1; IncRNA in non-
homologous end joining pathway; IncRNAs: long non-
coding RNAs; MALATAL: Inc-RNA-metastasis-
associated lung adenocarcinoma transcript 1; MCL-1:
myeloid cell leukemia sequence 1; MDR: multidrug
resistance; MET: mesenchymal-epithelial transition;
miRNAs: microRNAs; MMR: mismatch repair;
MOMP: mitochondrial outer membrane
permeabilization; mRNA: messenger RNA; MRP1: a
member of MDR protein or ABCCl; mTOR:
mechanistic target of rapamycin; ncRNAs: non-coding
RNAs; NEATI: nuclear paraspeckle assembly
transcript 1; NER: nucleotide excision repair; NHEJ:
non-homologous end joining; NOXA: pro-apoptosis
protein; NSCLC: non-small cell lung cancer; P-gp: P-
glycoprotein or ABCB1; PACT: protein activator of
the interferon-induced protein kinase cellular
translation; PARP: poly (ADP-ribose) polymerase;
PES1: pescadillo ribosomal biogenesis factor; PI3K:
phosphatidylinositol-3-kinase; pre-miRNA: precursor
miRNA; pri-miRNA: primary miRNA; PTEN:
phosphatase and tensin; PUMA: p53 upregulated
modulator of apoptosis; PVT1: IncRNA plasmacytoma
variant translocation; RADS51: radiation-sensitive 51;
RISC: RNA-induced silencing complex; SNAIL 1 and
2: snail family transcriptional repressors 1 and 2;
snRNP: small nuclear ribonucleoprotein; TLRs: toll-
like receptors; TP53: tumor protein 53; TRBP: trans-
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activation responsive RNA-binding protein; TSCI:
tuberous sclerosis complex 1; TWIST1 and 2: twist-
related protein 1 and 2; UGTs: uridine diphosphate

glucuronosyltransferases;

ULK1: unc-51-like

autophagy activating kinase 1; UTR: untranslated
region; XPOS5: Exportin-5; ZEBI1 and 2: zinc finger E-
box binding homeobox 1 and 2.
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