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Abstract

Non-coding RNAs (ncRNAs) are functional RNA molecules that do not code for
proteins. Among these, circular RNAs (circRNAs) represent a recently identified
class of endogenous ncRNAs with a pivotal role in gene regulation, alongside short
ncRNAs (e.g., microRNAs or miRNAs) and long non-coding RNAs (IncRNAs).
CircRNAs are characterized by their single-stranded, covalently closed circular
structure, which lacks polyadenylated tails and 5°-3” ends. This unique circular con-
formation makes them resistant to exonuclease degradation, rendering them more
stable than linear RNAs, such as mRNAs in human blood cells, which highlights
their potential as biomarkers. Both linear and circular RNAs are derived from pre-
mRNA precursors. However, while linear RNAs are produced through conventional
splicing, circRNAs are primarily formed through a process known as reverse splic-
ing. CircRNAs can be categorized into five basic types: exon circRNAs, circular
intronic RNAs, exon—intron circRNAs, intergenic circRNAs, and fusion circRNAs.
These molecules have been shown to significantly influence key hallmarks of can-
cer, including sustained growth signaling, proliferation, angiogenesis, resistance to
apoptosis, unlimited replicative potential, and metastasis. This article will delve into
the biogenesis and functions of circRNAs, explore their roles in cancer, and discuss
their potential applications as therapeutic options and diagnostic biomarkers.
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1 Introduction

Non-coding RNAs, or ncRNAs, refer to a category of RNA molecules that
possess functional roles while not encoding proteins. ncRNAs include several
types, such as small nucleolar RNAs, tRNA, and housing-keeping ribosomal
RNAs [1, 2]. It is known that the major part of the genome from mammals is
transcribed to non-coding RNAs rather than coding type [3]. An endogenous
form of ncRNA is CircRNA, progressively becoming recognized due to their
crucial role in gene expression besides small RNAs [microRNAs, miRNAs]
and LncRNAs [4, 5]. CircRNAs are one type of non-coding regulatory tran-
script that has gotten a lot of focus for study in the past few years [6]. They are
considered unusual because of their less frequent being in nature and the logic
of occurrence rather than the conventional linear RNA [7]. They are a unique
class of RNA with a restricted covalent structure, high stability, and poten-
tial in gene regulation activity. Sanger HL et al. first identified these uncom-
mon molecules in 1976 in RNA viruses and by electron microscopy. They
demonstrate a high thermal tolerance, prominent cooperative effect, and self-
complementarity [8—11]. In eukaryotic cells, circRNAs were first discovered
in 1979 as an endogenous RNA splicing product after hepatitis delta infection
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[12]. They are a rare expression product finding in the cells and exhibit a low
sequence conservation. In 1993, it was found that a gender-related gene, sex-
determining region Y (SRY), conducts circular transcription in adult mouse
testicles [13]. Later on, it was revealed that circRNAs in human cells comprise
the exons of RNA transcripts [14]. circRNAs were initially treated as a product
of the erroneous splicing in pre-mRNA [15]. Later, high-throughput sequenc-
ing was used to disclose circRNA abundance and their assumed roles. Till
recently, numerous circRNAs have been discovered in different eukaryotes, and
their tissue-specific expression patterns have been found using RNA sequenc-
ing [RNA- seq] and circRNA-specific bioinformatics algorithms [16]. Because
of their structural specificity and low abundance, circRNAs were first found
in a few genes, including ETS-1, SRY, cytochrome P450 (CYP450), 2C24 and
2C18, and circular ANRIL (Canril) [17]. More than 20,000 distinctive circR-
NAs originating in many different genes are recognized, and the number will
continue to increase [15]. It is a fact that most circRNAs are primarily con-
served across species, making them an ideal tool in evolutionary approaches
[18]. CircRNAs are single-stranded and covalently closed circle structures that
lack 5'-3" ends and a polyadenylated tail [6, 12, 15]. These molecules, rang-
ing from 100 bp to 4 kb, were initially considered non-functional byproducts
of distorted RNA joining [19]. The transcription efficiency of circRNAs by
RNA polymerase II is equivalent to linear RNAs [20]. They are the product
of non-sequential back-splicing of pre-mRNA transcripts, linked to reversed
complementary sequences such as inverted repeating Alu pairs, exon skipping,
and RNA-binding protein [RBP] [4, 21]. In this event, the abnormal binding
of alternative RNA is mediated by spliceosome and is controlled by a com-
bination of cis-elements and trans-acting factors [6]. Quaking and ADAR are
examples of trans-acting factors that may either activate or inhibit the produc-
tion of mammalian circRNAs [22]. A wide range of distinct genes encodes
them, each with a unique size, expression level, and flanking introns. circRNAa
may have one exon or several exons [23]. Due to their particular closed-circle
structure, circRNAs are conserved from debasement by exonucleases and are
more protected than linear RNAs [21]. Stable circRNAs are, therefore, preva-
lent in peripheral blood and may function as disease biomarkers [24] (Fig. 1).
CircRNAs are excellent tumor biomarkers because of their great sensitivity
and specificity. [25]. However, due to technical insufficiencies, only a limited
number of specific circRNAs were proposed for the detection, and their func-
tion and diagnostic potentials are still under consideration [26]. Some Studies
have reported them in body fluids such as saliva, blood, urine, breast milk, and
membrane-bound vesicles like exosomes [18]. They can be found intracellular
in various cells and have characteristics including stability, sequence conserva-
tion, and expression selectivity [27]. Most circRNA are detected primarily in
the cytoplasm, whereas just a few circRNAs are located in the nucleus [8, 12].
Notably, there is not a consistent link between the expression level of circRNAs
and their host genes. This suggests that circRNAs result from a different type
of controlled alternative splicing rather than steady-state leftovers of mRNA
splicing [28]. The high abundance, exceptional stability, and unique expression

@ Springer



21 Page 4 of 35 Topics in Current Chemistry (2025) 383:21

CSF
- _.
) gRT-PCR
.......... Pleural effusion i
circRNA detection Microarray
RNA sequencing
Single sell sequencing
Cancer therapy Tumor monitoring Non-invasive biomarkers
| o /\
‘s A5 Diagnostic Prognostic
i biomarker biomarker
= [ 1
proliferative and Q S| 1
a@_ )\/\j‘} invasive phenotype orr 2 L
G }:\/,S/A w

Time

Fig. 1 The Schematic representation of various body fluids containing circRNAs, particularly cerebro-
spinal fluid (CSF), saliva, pleural effusion, blood, urine, and stool. As previously mentioned, analysis of
circRNA content from biological fluids can be used to detect cancers and further predict susceptibility to
therapeutic agents. The advancement of tumors and the effectiveness of therapy can be tracked longitu-
dinally via circRNA monitoring. The distinct and significant divergence of circRNA expression between
cancer patients and controls underscores their critical potential as fluid-based biomarkers, offering a vital
tool for tracking cancer progression and spread

profiles of circRNAs, closely linked to cancer progression and patient out-
comes, underscore their significant potential as both diagnostic and prognostic
biomarkers. Additionally, certain circRNAs have been identified as key func-
tional molecules driving cancer progression, making them promising candi-
dates for targeted therapeutic strategies [29].

This article will introduce circRNAs, their biogenesis and function, and review
their significance in cancer and their possibility as biomarkers and therapeutics. By
addressing the current knowledge gaps and highlighting the relevance of circRNAs
in cancer therapy, this work aims to contribute to the development of more effective,
targeted approaches to cancer diagnosis and treatment.
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2 The Characteristics and Classifications of CircRNAs
2.1 Characteristics of circRNAs

CircRNAs, a part of the non-coding RNA family, have some critical features [15].

(1) Stability: Due to the lack of a 5’ cap and 3’ end, circRNAs resist being
digested by ribonucleases like RNase R and have a lengthy half-life of up to 10 times
longer than linear RNAs [30]. (2) Sub-cellular Localization: They are produced in
the nucleus, but most are found in the cytoplasm, implying that particular circRNA
transit or localization criteria exist [29]. According to reports, 5.8-23% of human
active genes create circRNAs [25]. However, the expression of circRNA is exclusive
to specific cells and tissues, indicating that circRNAs have distinct biological func-
tions and can be utilized for detecting different types of cancers [8]. (3) Expression
levels: Several circularization methods may influence a circRNA’s level of expres-
sion [21] . These molecules are extensively expressed, and their expression levels
often outnumber those of linear mRNAs [31]. CircRNAs show greater expression
in human peripheral whole blood than linear mRNAs, suggesting that circRNAs
might be employed as biomarkers in routine clinical blood specimens [4]. Genomic
study indicates that circRNA has greater expression levels in low-proliferating cells,
such as those found in the brain, compared to actively proliferating cells. Red blood
cells and platelets, which have had their nuclei removed, contain more circRNAs
than hematopoietic cells that still have their nuclei intact. Platelets, in particular,
have been shown to express the most circRNAs, like twice the erythrocytes and five
times the granulocytes [7, 32]. (4) Degradation: The number of circRNAs inside
cells is regulated by a balance mechanism between their synthesis and destruction.
CircRNA degradation should initially emerge by particular nicking endonucleases to
open the circle and cleave the linear RNA from the 3’ or 5’ ends [29].

2.2 Classifications of CircRNAs

In general, there are four primary forms of circRNAs: concise exon circRNAs [ecir-
cRNAs], circular intronic RNAs [ciRNAs], Exon—intron circRNAs [EIciRNAs],
intergenic circRNAs or fusion circRNAs [f-circRNAs] [21, 33]. Around 85% of cir-
cRNAs are ecircRNAs, which exclusively have exon sequences with 3'— 5" bound
[15, 34, 35]. The nucleus contains ciRNAs, which have a 2'— 5" bound with a lariat
composition. Exon and intron sequences with 3’ — 5’ bound form EIciRNAs, which
are nuclear-localized [35]. According to certain studies, ecircRNAs are primarily
detected in the cytoplasm [15]. It is believed that ElcircRNAs may be able to leave
the nucleus during mitosis [34]. Various group circular intronic RNAs (ciRNAs),
formed from alternative intronic sequences, have been discovered and characterized
in human cells. EIciRNAs are different kinds of circRNAs made up of circularized
exons with introns retained between exons [36].
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3 Mechanisms for circRNA Generation

CircRNAs come from several sources. Most of them are derived from cod-
ing exons, while the remainder are derived from introns, intergenic regions, 3’
UTRs, 5" UTRs, and antisense RNAs [37]. Both circRNAs and linear RNAs are
made up of pre-mRNAs; however, unlike linear RNAs made by traditional splic-
ing, circRNAs are mainly made through back-splicing [12] (Fig. 2), a specialized
non-conventional alternative splicing [6]. Back-splicing requires the spliceosome
machine to connect a 5’ splice site (donor) of an exon to an upstream 3’ splice site
(acceptor) of another exon, resulting in the formation of a closed loop structure
with a specific junction site for the majority of circRNAs [29]. Circular RNAs
are abundant inside cells despite having a significantly lower back-splicing effi-
ciency than linear RNAs because of their stability and extended half-life [14, 16].
Arthrobacter luteus elements (Alu elements), found upstream and downstream of
the flanking introns of circularized exons, are involved in circular RNA synthesis
[38]. The complementary nature of Alu sequences, a short-repeated sequence of
DNA recognized by the Alu restriction enzyme, allows efficient pairing between
the downstream 50 splice site and upstream 30 splice site. The presence of repeat-
ing sequences in the flanking introns enables the formation of a loop structure,
which effectively handles the issues of opposite directionality and discontinuity
[1]. A 7-nt GU-rich sequence at the 5’ splicing site and an 11-nt C-rich motif
near the 3’ branch point site is required to produce ciRNAs [12, 39]. Although the
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Fig.2 The circRNA splicing. Unlike linear RNAs, which are made by traditional splicing, circRNAs
are mainly made through back-splicing, which is a specialized, non-conventional alternative splicing.
Accordingly, they are classified into three types: (1) EcircRNA comprises exons. They reside primarily
in the cytoplasm, harbor miRNA response elements (MREs), and function as miRNA sponges. These can
include single-exon circRNA and multi-exon circRNA. (2) EIciRNA is circularized, with introns posi-
tioned between exons. (3) CiRNA consists of introns. Both EIciRNA and ciRNA are abundant in the cell
nucleus and can play important roles in gene transcription and post-transcription
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precise mechanism of circRNA synthesis is unknown, three models—including a
spliceosome-dependent lariat-driven circularization, direct back-splicing model,
and resplicing-driven circularization—have been put forth to understand better
the interaction between back-linking and traditional grafting in circRNA biogen-
esis [6, 34, 40].

3.1 Spliceosome-Dependent Lariat-Driven Circularization

According to this hypothesis, the back-splicing site is where the spliceosomes are
put together to facilitate the merging of the upstream 3’ acceptor sites and the
downstream 5" donor sites. Internal splicing is then used to process the lariat,
which ultimately leads to the production of EIciRNAs. Canonical splicing and
circRNA biogenesis compete with one another [35]. These two methods are part
of this mode: (a) Exon skipping: a huge lariat with the skipped exon can form
during alternative linear splicing. By back-splicing, these exon-containing lari-
ats can develop into mature circRNAs. Even though alternative splicing, particu-
larly exon skipping, is considered a key regulator of circRNA synthesis, the pri-
mary mechanism of generating circRNAs is still unknown [20]. (b) Long intron
lariat: Canonical linear splicing produces pre-mRNAs from linear mRNA. The
debranched intron lariat is then further back-spliced to create mature circRNA
[13].

3.2 Direct Back-Splicing Model (RBP-Induced Circulation)

The 'RBP-mediated circularization’ model proposes that RBPs enhance circRNA
synthesis by regulating neighboring splicing sites [39]. The circularized exons’ 3’
and 5’ ends are brought together during RBP dimerization, facilitating their splic-
ing by binding upstream and downstream of the circularized exon [35]. It has been
demonstrated that circRNA synthesis is aided by several splicing factors, includ-
ing Quaking and muscleblind. Moreover, circRNA production is regulated by the
cooperation of serine-arginine [SR] proteins and heterogeneous nuclear ribonu-
cleoprotein [hnRNP] with intronic repeats [41]. By linking the necessary intronic
sequences, RBPs, such as Muscleblind (MBL), Quaking (QKI), and Fused-in Sar-
coma (FUS), can speed up the rate of circularization [35]. As distinct trans-acting
factors regulate circRNA synthesis, dysregulation of these factors might lead to
abnormal circRNA biogenesis and expression [29].

3.3 Resplicing-Driven Circularization

Some exons from mature mRNAs may circularize and back-splice to create Ecir-
cRNAs. Introns may form lariats after canonical splicing to avoid the typical intron
debranching and degradation; ciRNAs are then made [25]. Resplicing, which is
commonly observed in cancers, is most likely only an aberrant pre-mRNA splicing
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event. In cancer cells, for example, two unusual resplicing events were discovered on
human TSG101 and FHIT mRNAs, which were considered to be caused by cancer-
specific aberrant splicing. It is known that resplicing does not always produce circR-
NAs, yet the details are unclear [42].

4 Functional Mechanism of circRNAs

Based on the target genes, circRNAs may be divided into two types: target the other
genes and those that target the host genes [43]. Several functions are attributed to
cicrcRNA, including acting as endogenous RNAs for sponge miRNAs, regulating
parental gene expression, modifying alternative splicing, modulating RNA—pro-
tein interactions, and functioning as scaffolds in the building of protein complexes,
according to new findings [12] (Fig. 3). Circular RNAs are thought to have activities
different from those of their host genes, which might be due to their significantly
longer half-life compared to linear RNA transcripts [28]. Many circRNA activities
are determined and affected by their cellular location, whether in the nucleus or the
cytoplasm [44]. Aberrant synthesis of circRNAs leads to the development of some
human disorders, notably cancer, as an indicator of their significant roles [45].
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Fig.3 The Schematic diagram of biological roles of circular RNAs. circRNAs have various roles, and
their biological role is probably determined by their intracellular localization, i.e., in the nucleus or cyto-
plasm. CircRNAs exhibit diverse biological roles, ranging from miRNA sponging in the cytoplasm to
regulating splicing in the nucleus; their specific function is largely dictated by their intracellular localiza-
tion. This localization influences their interactions with proteins and other RNAs, ultimately determining
their impact on gene expression and cellular processes
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4.1 Actas miRNA Sponges

The concept of circRNAs acting as "sponges" for miRNAs was first proposed in
2013 [40]. miRNAs are a short non-coding RNA family (approximately 22 nucle-
otides) that post-transcriptionally modulate gene expression through base pairing
to target sites within mRNAs [37]. They can bind to mRNA via complementary
sequences in the 3’ UTR of target mRNA, limiting mRNA translation or boosting
mRNA degradation to regulator gene expression [15]. CircRNAs have been revealed
to function as miRNA sponges, acting as competitive endogenous RNAs [ceRNAs].
In this way, they can regulate gene expression by binding to miRNAs and inhibit-
ing them from regulating their downstream target genes [3, 12, 29]. For example,
CircEIF3M was markedly upregulated in both triple-negative breast cancer (TNBC)
cells and tissues, where it played a key role in promoting cancer progression. Some
findings reveal that circEIF3M acts as a ceRNA for miR-33a, thereby upregulating
CCNDI1 expression, which subsequently drives TNBC progression. These results
suggest that circEIF3M could serve as a promising therapeutic target for TNBC
[46]. The competing endogenous RNA hypothesis suggests a mechanism by which
different types of RNA regulate gene expression at the post-transcriptional level.
This theory suggests that mRNAs, pseudogene transcripts, IncRNAs, and circRNAs
influence the stability or translation of target RNAs by competitively binding to the
same miRNA [27]. These molecules can regulate miRNAs adversely [4] by attach-
ing to preferentially conserved target sites in miRNA and inhibiting their activity
[33]. CircRNAs are also known as “super sponges” because of their increased pro-
pensity for binding to miRNAs compared to other competing endogenous RNAs,
such as IncRNA or pseudogenes [18, 22]. A single circRNA has the ability to absorb
several miRNAs. For example, circHIPK3 may sponge nine miRNAs, all of which
have been shown to act as tumor-suppressive miRNAs and control cancer cell devel-
opment [33, 47]. CircHIPK3, generated from exon 2 of the HIPK3 gene, is one of
the discovered circRNAs that are widely expressed and have a high back splice effi-
ciency [1].

4.2 Interact with RNA Binding Proteins

RBPs are primarily responsible for controlling the transcriptional regulation of
genes. A family of proteins known as RBPs is crucial to the transcription and trans-
lation phases of gene expression [18]. They contain RNA-binding motifs as the pri-
mary binding site of RNAs [43] and can bind to circRNA junctions. In this way, they
function in splicing, processing, folding, stabilizing, and localizing circRNA [48].
Some circRNAs have a high density of binding to a single or several RBPs besides
their binding activities as miRNA sponges [49]. In this role, circRNAs behave as
protein decoys or sponges [12] to participate in regulating gene expression in vari-
ous physiological processes [20]. Additionally, circRNA can sort, store, and seques-
ter RBPs and control their intracellular locations. Also, RBPs may control how cir-
cRNAs function and, to some extent, their half-life [18]. According to some in vivo
and in vitro research, RBPs have been implicated in the development of circRNA
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configuration. The most prominent example is the RNA binding protein QKI, which
was discovered to be a key modulator of circRNA synthesis and a member of the
STAR family of KH domain-containing RNA binding proteins. As mentioned, cir-
cRNAs can regulate the expression of RNA-binding proteins, and RBPs can govern
the synthesis of circRNAs. In this regard, pS3 is an encoded protein by the tumor
suppressor gene TP53. This protein functions as an RBP to bind to circRNAs and
their deficient mutual interactions lead to the development and progress of a range
of malignancies. Because of this, certain circRNA-binding proteins are being tar-
geted as therapeutic targets by modulating their interactions in circRNA-RBP com-
plexes or by controlling their activity. Future research on the role of circRNAs in
disease pathophysiology will benefit from exploring the relationship between RBPs
and circRNAs [438].

By acting as decoys for RNA-binding proteins (RBPs), circRNAs can regulate
the expression of their host genes and subtly alter the function of RBPs and their
interacting proteins [50, 51].

4.3 Regulate Transcription or Splicing and Protein Translation

Some circRNAs, including ciRNAs and EIciRNAs, are found in the nucleus, even
though most are found in the cytoplasm. The portion of the nucleus circRNA has
a small number of microRNA target sites, and its activity is restricted to nuclear
processes like transcription regulation. This subset of circRNAs controls alterna-
tive splicing and transcription by acting as transcriptional or splicing regulators to
suppress gene expression [15, 18, 29]. EIciRNAs were discovered to be maintained
in the nucleus after being produced by conventional splice signals, according to a
study by Shan and his colleagues [1]. Furthermore, nuclear resident EIciRNAs bind
with RNA polymerase II (pol II), interact with Ul snRNP and the Pol II transcrip-
tion complex at the promoter of their parental genes, and thereby regulate parental
gene expression. It has been shown that circRNAs work together as transcriptional
regulators to regulate the expression of host genes [29, 41, 45]. Some ciRNAs are
confined to transcriptional regions and can bind RNA pol II complexes, influencing
RNA pol II transcription by an unknown mechanism. So, they perform a cis-regula-
tion on their parent genes following a DNA/RNA duplex in situ hybridization [17].
It has been found that pol II and the ciRNA generated by the ANKRDS52 gene can
combine, and the complex can attach to the promoter region of this gene to increase
its transcription [44]. Some certain ciRNAs, such as ci-ankrd52 and ci-sirt7, are
known for the positive regulation of Pol II transcription and are crucial for the effec-
tive transcription of their parent coding genes. MBL protein can directly attach to
its related circRNA, circMbl, and encourage the formation of circMbl. In this case,
it has a harmful impact on canonical splicing and reduces the amount of produced
parental mRNA. Furthermore, exon 2 of HIPK2/3 undergoes “alternative” splicing
to circularize rather than canonical splicing and create a linear transcript from which
numerous circRNAs originate. The typical synthesis of transcripts encoding proteins
is negatively regulated by HIPK?2/3 circularization [49].
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Although circRNAs are primarily classified as non-coding RNAs, emerging
evidence suggests that some of them can indeed be translated into proteins [15].
This characteristic was first identified by Pamudurti et al. in 2017 when they dis-
covered circMbl, marking a significant advancement in our understanding of cir-
cRNA functionality [40]. Since then, circZNF609 has been recognized as the first
protein-coding circRNA in eukaryotes [45], with subsequent research indicating
that several other circRNAs in various eukaryotic cells, including Drosophila, are
also involved in translation [25]. Traditionally, the presence of 5’ and 3’ untranslated
regions (UTRs) has been considered essential for initiating translation in eukaryotic
cells. The lack of these regional ends was the initial reason to consider circRNAs
as non-coding [30]. CircRNAs lack the 7-methylguanosine (m7G) cap at the 5" end
and the poly(A) tail at the 3’ end, which are crucial elements of linear mRNA that
facilitate the recruitment of translation initiation factors; however, circRNA trans-
lation is carried out in an IRES-dependent or m6A-dependent manner [29]. IRES
elements enable cap-independent translation by directly recruiting initiation fac-
tors and ribosomes, which is essential for circRNAs since they do not possess the 5'
cap and 3’ poly(A) tail typically found in linear mRNAs [52]. N6-methyladenosine
(m6A) modifications on circRNAs also play a role in facilitating translation initia-
tion. These modifications are recognized by reader proteins such as YTHDF3, which
recruits eukaryotic translation initiation factors like eI[F4G2. This process allows cir-
cRNAs to be translated via a cap-independent mechanism, similar to that used in
IRES-mediated translation [53].

Circular RNAs contain open reading frame [ORF] and internal ribosome entry
site [IRES] sequences that enable them to code peptides as a hybrid class of RNAs
with structural and functional significance [22, 31, 33] (Fig. 4). For instance,
circ-FBXW7 has a conservative IRES element that can be translated to a peptide
FBXW7-185aa [44]. Additionally, Chen et al. (2018) showed that N6-methyladeno-
sine (m6A), the most common base modification of RNA, may successfully promote
the start of protein translation from circRNA [54].

4.4 Regulate Epigenetic Alterations

Epigenetic changes significantly impact gene expression and the occurrence and pro-
gression of various diseases [55]. Among these changes, DNA methylation is a cru-
cial mechanism that affects both DNA and non-coding RNAs [56]. While DNA and
non-coding RNAs are well-known for their roles in epigenetic modifications, structural
proteins of the genome, such as histones, heterochromatin components, and Polycomb
proteins, also play vital roles in these processes [55]. CircRNAs play a significant role
in the regulation of cellular processes through their involvement in epigenetic changes.
They have been found to influence DNA methylation and histone modifications,
thereby impacting gene expression and disease progression. For instance, circFECR1
can attract TET1 DNA demethylase to the FLI1 promoter, leading to CpG DNA dem-
ethylation, which is crucial for regulating gene activity [47]. CircRNA expression is
dynamically controlled to exert an epigenetic regulatory impact on its downstream tar-
gets pertinent to the illness mechanism at each stage of disease advancement. However,
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Fig.4 The translation of circular RNAs involves the canonical splicing of pre-mRNA, which produces
a linear RNA containing an open reading frame (ORF) that encodes the standard protein. Alternatively,
circular splicing can generate a covalently closed circular RNA (circRNA) with a continuous ORF span-
ning the splice site. This circular ORF encodes a truncated protein isoform with an N-terminus similar to
that of the standard protein and a distinct C-terminus encoded downstream of the splice site

the epigenetic regulatory implications of miRNAs in the pathogenesis of some diseases
are studied; circRNAs may have a greater regulatory impact than miRNAs [57].

CircRNAs not only influence disease processes but also contribute to regulating
immune responses through changes in methylation. Variations in the type and quantity
of circRNAs associated with epigenetic methylation highlight the connection between
non-coding RNA molecules and epigenetics [56]. Conversely, epigenetic alterations
can also affect the biological development of circRNAs [47]. The most common epi-
genetic modification of RNAs in eukaryotes is N6-methylation of adenosine (m6A).
Multiple studies have demonstrated that m6A is frequently observed in circRNAs [56].
The primary pathway for circRNA degradation involves cleavage by endonucleases. In
this context, m6A modification promotes the recruitment of endonucleases, accelerat-
ing circRNA degradation through the YTHDF2-HRSP12-RNase P/MRP axis [55].

4.5 Protein Scaffolding

In addition to acting as miRNA sponges, circRNAs can function as scaffolds by
directly binding to one or more proteins. Such protein-scaffolding circRNAs are
referred to as “protein decoys" [22, 40]. Moreover, they can mediate protein—protein
interactions and, in some cases, regulate gene expression [18, 41]. CircRNAs with
binding sites for enzymes and their substrates are believed to act as scaffolds, facili-
tating interactions between two or more proteins [18, 28]. These molecules, con-
taining multiple protein-binding sites, may serve as dynamic scaffolds to mediate
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various protein—protein interactions and form large RNA—protein complexes. [29].
The co-localization of circRNAs and proteins indicates that some circRNAs pos-
sess conserved, protein-binding sequence regions. CircRNAs and proteins can
interact to alter the subcellular localization of proteins, regulate the transcription of
parental genes, and enhance the interaction of multiple proteins [35]. For example,
circFOXO3 serves as a bridge between MDM?2 and p53 proteins, accelerating p53
degradation. Notably, circFOXO3 protects FOX0O3 from MDM2-mediated poly-
ubiquitination and proteasome degradation through weak interactions with FOXO3

[1].
4.6 Exosomal circRNAs and Tumor Environments

Exosomes are extracellular vesicles with a diameter of 30 to 100 nm that can trans-
port circRNAs to physiological fluids and cells, both nearby and distant. These
vesicles, nanoscale membrane vesicles, play a crucial role in mediating intercellular
communication, particularly within tumor microenvironments. They contain vari-
ous RNAs, including mRNA and non-coding RNAs [58]. Initially, exosomes were
thought to primarily function in removing cellular waste. However, their ability to
carry and present circRNAs in body fluids has drawn attention to their potential as
biomarkers for assessing cellular health. Exosomal circRNAs (exo circRNAs) have
been shown to be more stable in exosomes compared to parental cells, as demon-
strated by genome-wide RNA sequencing analysis [59]. Exo circRNAs are found
in both blood and saliva [60], providing a rapid and accessible biomarker platform.
Due to their site-directed and targeting capabilities, exo circRNAs have been pro-
posed to enhance the efficacy of treatments targeting malignant cells and tumor
environments. For instance, exosomal circPTGR1 has been shown to influence the
growth of hepatocellular carcinoma, where exo circRNAs are upregulated and pro-
mote tumor invasion [61].

Survival analysis revealed a negative correlation between circ-IARS expression
and survival time in pancreatic cancer patients, suggesting that circ-IARS in serum
exosomes could serve as a promising non-invasive biomarker for both early diagno-
sis and prognosis [62]. Furthermore, Li et al. demonstrated that the expression of
exosomal circPDE8A in plasma was closely associated with disease progression and
prognosis in PDAC patients, highlighting exosomal circPDESA as a potential key
indicator for early detection and prognosis of PDAC [63].

4.7 Immune Responses Regulation

Numerous studies have identified non-coding RNAs (ncRNAs), particularly long
non-coding RNAs (IncRNAs) and circular RNAs (circRNAs), as potential novel
regulators of immune responses and immunological disorders [64], despite the dom-
inant role of proteins. Research on circRNAs in immune cells primarily focuses on
macrophages, which are essential players in immune responses [65]. CircRNAs, in
combination with double-stranded RNA-activated protein kinase, can form a 16-26
bp double-stranded RNA stem-loop structure, a configuration involved in immune
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response regulation [44]. CircRNAs can influence genes associated with immune
responses through the circRNA-microRNA-gene axis, where they interact with
specific microRNAs to regulate host antiviral immune reactions. However, experi-
mental validation of findings from large-scale bioinformatics analyses remains nec-
essary [66]. In an attempt to generate circRNAs for cell transfection, Chen et al.
used in vitro transcription and auto-splicing circulation. Unexpectedly, their results
showed that in vitro-generated circRNAs could activate cellular immune response
pathways and inhibit RNA virus infections via the retinoic acid-inducible gene-I
(RIG-I) pathway. In contrast, endogenous circRNAs do not activate this pathway,
likely due to their interaction with specific RNA-binding proteins [66].

4.8 Regulation of Parental Genes

CircRNAs are byproducts of gene transcription; however, it has been understood
that they have an important role in control of their parental gene expression where
they have been transcripted [67]. CircRNAs may control parental gene expression
through various mechanisms, including post-translational modifications, miRNA
sponging, mRNA trapping, translational regulation, and the modulation of tran-
scription and splicing [68, 69]. Dong and colleagues mentioned that circRNAs are
numerous in the nucleus and have a low enrichment for miRNA target sites; besides,
knocking down ciRNAs may reduce the expression of their parental genes [37].
Some nuclear circRNAs may induce DNA hypomethylation at promoter sites or reg-
ulate intronic enhancers, thereby affecting parental gene transcription. For example,
FECRI1, a novel FLI1 exonic circRNA, activates FLII transcription through a posi-
tive feedback mechanism that induces DNA hypomethylation at CpG islands within
the promoter. This mechanism enables FLI1 to inhibit metastasis in breast cancer
by employing epigenetic regulation via its exonic circular RNA [68]. CircRNAs
may regulate parental genes at both transcriptional and post-transcriptional levels
[67]. They can exert direct control by interacting with RNA polymerase II or indi-
rect control through the ceRNA (competing endogenous RNA) mechanism [33]. In
some nuclear human cells, ciRNAs have been shown to modulate the transcription
of parental genes in cis by enhancing RNA polymerase II activity [69]. However, the
precise mechanisms underlying these regulatory processes remain unclear, and they
are not consistently well-regulated in certain pathological conditions.

5 The Functions of circRNA in Cancer

CircRNAs appear to play a role in various aspects of cancer development, with
two main research areas gaining prominence. The first is the identification of suit-
able biomarkers, and the second is the exploration of circRNA regulatory func-
tions in cancer development, particularly how these functions are influenced by
changes in circRNA expression patterns [44]. CircRNAs regulate key cancer hall-
marks, including sustained growth signals, proliferation, angiogenesis, resistance
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to apoptosis, limitless replicative potential, and metastasis [6]. Furthermore, by
participating in alternative splicing, transcription, translation, cell autophagy,
and interactions with RNA-binding proteins, circRNAs play significant roles in
regulating the biological processes of malignancies [70]. Due to their exceptional
stability in blood and other bodily fluids, circRNAs are considered promising bio-
markers for diagnosing, predicting the risk of, and monitoring various cancers
[20, 40]. CircRNAs are also closely associated with clinical aspects of cancer,
such as TNM stage, lymph node metastasis, differentiation, tumor size, and over-
all survival [29]. Evidence suggests that dysregulation in circRNA expression is
linked to molecular processes involved in carcinogenesis [31]. Although the exact
causes of circRNA dysregulation remain unclear, chromosomal abnormalities and
defective circRNA synthesis have been proposed as potential explanations [29].
CircRNAs have been shown to play roles in cancer cell proliferation, invasion,
and drug resistance in malignancies such as colorectal, gastric, and esophageal
cancers. Additionally, studies have identified these molecules in hematologic
malignancies, such as acute myeloid leukemia, suggesting their utility for diag-
nostic, therapeutic, and prognostic purposes [4, 33, 71].

5.1 CircRNAs as Biomarkers in Cancer

CircRNAs are now recognized as multifunctional molecules that play a crucial
role in cancer development [72]. Tumors cannot spread or harm the host unless
malignant cells evade immune surveillance and immune responses through vari-
ous immune evasion mechanisms. Due to its inherent properties, circRNA has
significant potential to regulate tumor immunity. Additionally, circRNAs have
been proposed to function as competing endogenous RNAs (ceRNAs) that assist
tumors in evading immune surveillance [27].

The tissue- and malignancy-specific expression patterns of circRNAs make
them promising biomarkers for cancer detection and monitoring. Compared
to proteins, circRNAs offer several advantages for cancer recognition, includ-
ing easier extraction using advanced protocols and higher tissue specificity [27]
(Table 1). As previously mentioned, unlike linear RNAs, circRNAs are resist-
ant to ribonuclease enzymes, enabling their stability and extraction from tissues,
serum, and urine. This stability is a critical feature of circRNAs, positioning them
as valuable biomarkers for a range of human cancers [14].

There are some challenges in using circRNAs as Biomarkers. (1) Specificity
and Stability in Clinical Samples: Although circRNAs are typically stable due
to their circular structure, their stability in clinical samples can be influenced
by RNA integrity, which in turn affects their reliability as biomarkers [73]. (2)
Delivery Mechanisms for circRNA-Based Therapies: Translating circRNA-based
therapies to the clinic requires the development of efficient delivery systems. Cur-
rent advances in vector systems and technologies are being developed to deliver
circRNAs specifically to tumor sites, minimizing off-target effects [74]. (3)
Regulatory and Ethical Considerations: As circRNAs advance towards clinical

@ Springer



(2025) 383:21

Topics in Current Chemistry

Page 16 of 35

21

£€-80C10
—020-€v6C1S/9811

"01/310°10p//:8dNY dg-zgg-yru a3uods vy ADFA MNH pajemn3sardn IdE3HS  9€60000 9110 esy
S-€06£0
120617 15/8€01 dg-9¢1
‘o1/810710p//:sdny Ay “dg- Lz a3uods YN W LL¥OS pare[n3oxdn [LIOS  68€0110 o1 esy 1o0oUED OLIseD)
080°€69°S¢ ‘ATNd dg-16p-gru a3uods vy €HDOLON pajensardn €OdNL  THLT000 oI sy
LLEYI
PILL=6SLT/TTTT
"01/310°10p//:8dNY ov6-Jru o3uods yNyIw IVVId pajengaidpn HAOO 0rE£000 10~ sey
791690
=120-029018/L00T
"01/310°10p//:5dny de-cep-yru o3uods yNyIW TEATA parengoidn XON  $86£T00 o1 sey
G-81810 BWOUIDIBD
~T20-6111S/8€01 1195 snowenbs
"01/330 10p//:5dNY 199-y1wt a3uods yNRyIw TINdd  pare[n3orumoq dOTIINVA 9991000 o110 €Sy [eageydosy
K-62020
~120-9%0€18/9811
"01/310°10p//:8dNY 66S-Jrur o3uods YNy ZLNDANO pajensardn HASV  ST9+800 210 sey
$96 Tud/Z001
"01/310°10p//:5dny dg-9,6-y1w o3uods yNyIw OTHADd  paremsarumo dOZIAVA 9991000 2110 esy
6-CLTI0
—020-€¥6218/9811
"01/310°10p//:8dNY dg-egz-yru S3uods yNyIw 1-dgdy pajendaidp NIS¥d  26¥1000 107 esy
8PEIT
-020-€¥6C18/9811
"01/310° 10p//:8dNYy Ope-yru o3uods w1 TINE pajen3oxdn INTH 8650000 91I0TBSY  IOOUED [EJOAI0[0D)
Jadued
ut [umo(J ‘dn] Quag
SQOUAIJY I Jo3Ie], suonounj Jo 9pojA Souag Jo3Ie], uonensoy 1S0Y 9} JO duweN [ asegoIro s190ued Jo odA],

sonnade1ay) pue sonsouSeIp 1odued Ul SYNY Je[NOIIO JO SI[0I puk suonoun, [edrsojorq pue uorssaidxy | ajqel

pringer

AQs


https://doi.org/10.1186/s12943-020-1134-8
https://doi.org/10.1186/s12943-020-1134-8
https://doi.org/10.1186/s12943-020-1134-8
https://doi.org/10.1186/s12943-020–01272-9
https://doi.org/10.1186/s12943-020–01272-9
https://doi.org/10.1186/s12943-020–01272-9
https://doi.org/10.1002/ctm2.565
https://doi.org/10.1002/ctm2.565
https://doi.org/10.1186/s13046-021–02029-y
https://doi.org/10.1186/s13046-021–02029-y
https://doi.org/10.1186/s13046-021–02029-y
https://doi.org/10.1038/s41419-022–04818-5
https://doi.org/10.1038/s41419-022–04818-5
https://doi.org/10.1038/s41419-022–04818-5
https://doi.org/10.1007/s10620-021–06916-4
https://doi.org/10.1007/s10620-021–06916-4
https://doi.org/10.1007/s10620-021–06916-4
https://doi.org/10.1111/1759–7714.14377
https://doi.org/10.1111/1759–7714.14377
https://doi.org/10.1111/1759–7714.14377
https://doi.org/10.1038/s41419-021-03903-5
https://doi.org/10.1038/s41419-021-03903-5
https://doi.org/10.1038/s41419-021-03903-5
https://doi.org/10.1186/s12943-020–01208-3
https://doi.org/10.1186/s12943-020–01208-3
https://doi.org/10.1186/s12943-020–01208-3

21

Page 17 of 35

(2025) 383:21

Topics in Current Chemistry

86¥£TX0YZ001
"01/310°10p//:8dNY dg-19pz-gru a3uods YNy 94¢d pajensardn PITAON  €ST6800 010 seY
0-9€€T
—0T0-61+THS/8€01
"01/310°10p//:8dNY v/ gp-yIu S3uods yNyIw 0[-dIH pajendaidpn 0TANY  8LL800 010 sy
6120
—020T-929/6€1 1
‘01/310°10p//:8dNY ogT-ydiuu  ssaxdar pue joeIU cpewrg porerndaxdn TINNd  €700000 oI10 esy I90URD JseaIyg
DOH ur
€8¢ JLV JO UONRISUST INON pare[nsaxdn LVOEDTS 8600000 110 BSH
61910
~TT0-€H6T1S/9811
"01/330 10p//:5dNY 6ELy-Iwu a3uods w1 Old  pare[ndarumoq dLE18dD  $I1L100 910 esy
SEL618
"zeozreydy/e8ee
"01/310°10p//:8dNY dg-eg-yru o3uods YNy VIVdd pewemserumoq SXOS 1818600 210 sy
21010
"810¢ doyl /9701 dg-qr81 Bwou
"01/310°10p//:8dNY “Jru “dg-/ [y S3uods yNyIw ¢dINIL  pare[n3arumoq SVOUVINS  SPPI000 010 esy  -1o1ed xe[n[jaoojedsy
M-67T0
~T20-88€1+8/8€01 yadad
"01/310°10p//:8dNY - o3uods NI €AS9S pajen3sardn DT0¥0D  LEFOO00 I esy
689210
—0T0-€¥6TT8/98T1
"01/310°10p//:8dNY Yooy S3uods yNYIW [¥VAV ‘ppewS  pajendarumoq IMAVIN  TL87000 oX10 sey
Joued
ut [umo(q ‘dn] Quag
SQOUAIJY I Jo3Ie], suonouny Jo SpojN SQuag jo3Ie], uonemsoy 10U 91} JO dwreN ] asegoIn s190ued Jo odA],

(ponunuoo) | |qey

pringer

As


https://doi.org/10.1186/s12943-020–01268-5
https://doi.org/10.1186/s12943-020–01268-5
https://doi.org/10.1186/s12943-020–01268-5
https://doi.org/10.1038/s41388-022–02449-w
https://doi.org/10.1038/s41388-022–02449-w
https://doi.org/10.1038/s41388-022–02449-w
https://doi.org/10.1016/j.jhep.2018.01.012
https://doi.org/10.1016/j.jhep.2018.01.012
https://doi.org/10.1016/j.jhep.2018.01.012
https://doi.org/10.3389/fphar.2022.819735
https://doi.org/10.3389/fphar.2022.819735
https://doi.org/10.3389/fphar.2022.819735
https://doi.org/10.1186/s12943-022–01619-4
https://doi.org/10.1186/s12943-022–01619-4
https://doi.org/10.1186/s12943-022–01619-4
https://doi.org/10.1139/bcb-2020–0219
https://doi.org/10.1139/bcb-2020–0219
https://doi.org/10.1139/bcb-2020–0219
https://doi.org/10.1038/s41419-020–2336-0
https://doi.org/10.1038/s41419-020–2336-0
https://doi.org/10.1038/s41419-020–2336-0
https://doi.org/10.1002/tox.23498
https://doi.org/10.1002/tox.23498

(2025) 383:21

Topics in Current Chemistry

Page 18 of 35

21

9LTS81°0C0C

T0T+8€S1/0801
"01/310°10p//:8dNY dg-pg¢-yru a3uods yNYIu TOXOd  paem3arumoq TAVAY  €9%H000 oI Bsy
18201 3uise
/T€981°01 cp1-yu s3uods YNy 1w TIIAN pare[ndoidn TIIAIN  TEL9000 010 esy
£29966
"0T0T dU0J/68€¢
"01/310°10p//:8dNY  OLTT-YIW ‘GpG-Yru S3uods vNyIw VSINM pajendaidp) MdZ  880TL00 oMo Bsy
2-6Z01
-610-€76C1S/9811
"01/310"10p//:5dNY 979-y1u S3uods YNy IW YVAH  parem3omumoq VZIADY  €L01000 d10 esy
0TST01 3uISe/ze981
"01/810 10p//:5dNY dg-1¢-yru a3uods NI vitavd paje[n3axdn ALdE 66,0000 910 esy ToouEd 1pperg
1-8¥010
=020-000€1S/9811
"01/310°10p//:8dNY dg-£L9p-gu S3uods yNyIw £VOaD pajendaidpn) VIEOHAS [THI000 930 esy
8eeyl
PILL=6SLT/TTTT
"01/310°10p//:8dNy 9¢9-Jrur o3uods yNyIw I'1-ad payengardn IVPHATY  S€TOTO0 20 esy
£90010gTsWi/06£¢
"01/310"10p//:5dNY - Ppoje[oI-oUnWI] 1'1-dd paje[nsaidn YHIND 0610000 2110 esy
L6880
-810-€+6T1S/9811
"01/310°10p//:8dNY - LINJ 9onpuy d-101 paemsamumoq TILd  SOE8000 o110 esy 190URD Jun
SLPT WUl [T
"01/310"10p//:sdNy de-gze-yru o3uods yNYIw IVITOD parensadn [Hdd¥ 6150000 o110~ sy
Joued
ut [umo(q ‘dn] Quag
SQOUAIJY I Jo3Ie], suonouny Jo SpojN SQuag jo3Ie], uonemsoy 10U 91} JO dwreN ] asegoIn s190ued Jo odA],

(ponunuoo) | |qey

pringer

AQs


https://doi.org/10.1111/jcmm.14875
https://doi.org/10.1111/jcmm.14875
https://doi.org/10.1186/s12943-018-0889-7
https://doi.org/10.1186/s12943-018-0889-7
https://doi.org/10.1186/s12943-018-0889-7
https://doi.org/10.3390/ijms23010064
https://doi.org/10.3390/ijms23010064
https://doi.org/10.1111/1759–7714.14338
https://doi.org/10.1111/1759–7714.14338
https://doi.org/10.1111/1759–7714.14338
https://doi.org/10.1186/s13000-020–01048-1
https://doi.org/10.1186/s13000-020–01048-1
https://doi.org/10.1186/s13000-020–01048-1
https://doi.org/10.18632/aging.101520
https://doi.org/10.18632/aging.101520
https://doi.org/10.1186/s12943-019-1025-z
https://doi.org/10.1186/s12943-019-1025-z
https://doi.org/10.1186/s12943-019-1025-z
https://doi.org/10.3389/fonc.2020.596623
https://doi.org/10.3389/fonc.2020.596623
https://doi.org/10.3389/fonc.2020.596623
https://doi.org/10.1080/15384101.2020.1852746
https://doi.org/10.1080/15384101.2020.1852746
https://doi.org/10.1080/15384101.2020.1852746

21

Page 19 of 35

(2025) 383:21

Topics in Current Chemistry

2-26%00 uoneunmbiqn
—Z20-LIY1+8/8¢01 3y Sunyoolq £q
"01/310"10p//:5dNYy - urojoid du sozI[Iqels 6V001S  pase[nsorumoq GEDANA  9S19000 2119 esy
90bP1'PUB/I 1]
"01/810° 10p//:5dNY dg-1 -y a3uods YN Tw 310d pare[n3axdn JDd  S0E£9L00 dI0 esy
X-08%10 + ase[K1a0eap
-120-€¥6T15/9811 suoisty Jo Aifiqess
"01/310"10p//:sdny - a padueyud €d9eA0I pajengoxdn TS9ANZ  8STE000 210 BSY 1ooued 01eISoId
905201
"020T PWIq /9101
"01/810°10p//:5dNY dg-pge-yru a3uods R TINXOA paje[n3oxdn TALd  SOE8000 10 esy
ThLETUI/TTTT
"01/310°10p//:5dny T6p-Jru a3uods yNyIw SITVOYd  pare[nsarumo( INAN 0166000 910 Esy
$Ore wslz001
"01/310°10p//:5dny Qo1 g-yru a3uods yNyIw NHId Ppawm3amumoq dANVE  €Z80100 o1 sy
$TS0606
I00UOLIND/)6EE Quagoouo ue
‘01/810°10p//:8dNYy —  Jo a3eAeo[0 jowold payerndaxdn 1Al LOL6SO0 210 esy BIUONI] PIOJRAA
LT6TY®I/0STL
"01/310"10p//:8dNY 616y a3uods wNyIw TOOINS parengoidn SYVH  86TFL00 D10 esy
0£0'%0
1207 R[ued (/9101
"01/810°10p//:5dNy dg-gge-ymu o3uods yNRIw [FIM  parensorumo( [LdL L9T0E00 o110 sy
X-$6810 # oseuny
-120-9¥0€1/9811 pajeAnoe
"01/310°10p//:8dNY de-gep-yrur  uonensar [oko [[o) (1ov¥) 12d parengaidn CIVOLdIN  $EEL000 OI0TeSy  I9dURD ONEAIdUE]
JoJued
ut [umo(q ‘dn] Quag
SQOUAIJY I Jo3Ie], suonouny Jo SpojN SQuag jo3Ie], uonemsoy 10U 91} JO dwreN ] asegoIn s190ued Jo odA],

(ponunuoo) | |qey

pringer

As


https://doi.org/10.1186/s13046-021-01894-x
https://doi.org/10.1186/s13046-021-01894-x
https://doi.org/10.1186/s13046-021-01894-x
https://doi.org/10.1016/j.canlet.2021.04.030
https://doi.org/10.1016/j.canlet.2021.04.030
https://doi.org/10.1016/j.canlet.2021.04.030
https://doi.org/10.7150/jca.62927
https://doi.org/10.7150/jca.62927
https://doi.org/10.3390/curroncol29090525
https://doi.org/10.3390/curroncol29090525
https://doi.org/10.3390/curroncol29090525
https://doi.org/10.1002/jgm.3404
https://doi.org/10.1002/jgm.3404
https://doi.org/10.1111/ijlh.13742
https://doi.org/10.1111/ijlh.13742
https://doi.org/10.1016/j.bcmd.2020.102506
https://doi.org/10.1016/j.bcmd.2020.102506
https://doi.org/10.1016/j.bcmd.2020.102506
https://doi.org/10.1186/s12943-021-01480-x
https://doi.org/10.1186/s12943-021-01480-x
https://doi.org/10.1186/s12943-021-01480-x
https://doi.org/10.1111/and.14406
https://doi.org/10.1111/and.14406
https://doi.org/10.1038/s41417-022–00492-z
https://doi.org/10.1038/s41417-022–00492-z
https://doi.org/10.1038/s41417-022–00492-z

(2025) 383:21

Topics in Current Chemistry

Page 20 of 35

21

-€L¥00
—120-919018/L001T

"01/810710p//:5dNYy dg-¢g1-yru  uondiosqe VNI VZdtddd  paren3asumoq LV9TTS  L8TLETQ oI esy
8TIEF0L
128009YCLI/LLTT
"01/810° 10p//:5dNY dg-gzp-yru a3uods yNRTw ¥X0S paye[n3oxdn TANIN  TTH6£00 9110 esy
X-12¢1 SIXe VAV
—610-9v0€ /9811 -LVO/SHOLON RUWOUIOIED
"01/330 10p//:5dNYy dg-g1z-VNYIW Jo uorssaxdar JINNN pare[n3aidn INA  #T18S00 o110 esy prox&ys Kreppideq
991010T'120C (dg¥) uraroxd
T01#8€ST1/0801 Surpuiq-vNJ
"01/810°10p//:5dNY - ym Sunoesour veavy parensoxdn TAAIH  9SL1000 210 esy
1-79900
—0T0-8+0E1S/9811
"01/310°10p//:sdny dg-egg-yIu a3uods wNyIw sef  paje[nsarumo( EVTTOTS  L0O98LOO OId sy
$LYE0T SUISe/TE981
"01/330 10p//:5dNY 9LT1-JIwu - nm pare[n3axdn [ASTAD  +$08£900 010 sey
T0ILET
-120-9S€T1S/L001
‘01/310°10p//:8dNYy £9G-y1ux a8uods YN - porerndardn ZSNIT +SS0000 210~ sey I90URD URLIBAQ
9L£¢"WBl/2001
"01/810°10p//:5dNYy [y o3uods yNRIu 3 € dVIN paye[nsardn dVIIL  $ETI800 o™ sey
1120
-6102-929/6€11
"01/310"10p//:sdNy de-gp -y o3uods w1 1dSIM  paren3aumoq I'TVNLV 8908000 9110~ esy
JoJued
ut [umo(q ‘dn] Quag
SQOUAIJY I Jo3Ie], suonouny Jo SpojN SQuag jo3Ie], uonemsoy 10U 91} JO dwreN ] asegoIn s190ued Jo odA],

(ponunuoo) | |qey

pringer

AQs


https://doi.org/10.1139/bcb-2019-0211
https://doi.org/10.1139/bcb-2019-0211
https://doi.org/10.1139/bcb-2019-0211
https://doi.org/10.1002/jgm.3376
https://doi.org/10.1002/jgm.3376
https://doi.org/10.1007/s11356-021-13710-2
https://doi.org/10.1007/s11356-021-13710-2
https://doi.org/10.1007/s11356-021-13710-2
https://doi.org/10.18632/aging.203474
https://doi.org/10.18632/aging.203474
https://doi.org/10.1186/s13048-020–00664-1
https://doi.org/10.1186/s13048-020–00664-1
https://doi.org/10.1186/s13048-020–00664-1
https://doi.org/10.1080/15384101.2021.2010166
https://doi.org/10.1080/15384101.2021.2010166
https://doi.org/10.1080/15384101.2021.2010166
https://doi.org/10.1186/s13046-019–1321-x
https://doi.org/10.1186/s13046-019–1321-x
https://doi.org/10.1186/s13046-019–1321-x
https://doi.org/10.1177/17246008211043128
https://doi.org/10.1177/17246008211043128
https://doi.org/10.1177/17246008211043128
https://doi.org/10.1007/s10616-021–00473-4
https://doi.org/10.1007/s10616-021–00473-4
https://doi.org/10.1007/s10616-021–00473-4

21

Page 21 of 35

(2025) 383:21

Topics in Current Chemistry

8-650€0
—TT0-810€15/9811 #1891000" <l
"01/810° 10p//:5dNY dg-98 -y a3uods YN Tw IDOVIN pare[n3axdn TSNODL  #LIT000 o1~ esy
612101
"120g uourn /9101
"01/310 10p//:5dNY Y 0zs-giu s3uods YNy IW IVOdV ~ pawe[nsaiumoq VddVd 7178800 o410 esy
0-LT020
—120-9Y0€15/9811
"01/810°10p//:5dNY dg-ge1-yru a3uods yNRTw IMV-Eld pore[n3oxdn [OSHM  L8EI000 910 esy BUWODIESOISO
LSE0E61120T
“TOT#8EST/0801
"01/310°10p//:sdny dg-gzo-yru a3uods wNyIw ATADI pajenzoxdn TOLOND 8919000 2110 esy
M-8$500
—2T0-0v9TIS/L001
"01/310 10p//:5dNY de-L61-ymu a3uods NI SIdv paje[nsoxdn 94Id  $S00900 oI esy
€1€82°9l/2001
"01/310 10p//:5dNY L6T-ymu a3uods NI - paje[nsaxdn NV 9T#6700 o1 esy
1T8E1"SUd/ 1]
‘01/310°10p//:8dNYy 001-dwu  A3eydoine pajoword ¢cd  pojenSarumoq MAIT  60€2L00 010~ Bsy BWO)SB[QOI[D)
TEILI0
—120-8190%5/L00T
"01/310"10p//:8dNY dg-99,-yru o3uods wNyIw [AD19V parensaidn TASSVY  $SE6500 110 esy
0S9€~TT-WIe/LE0TT
"01/310"10p//:sdNy dg-1,9-gmu o3uods yNYIw IMV-Eld parensadn q1aryy 8591000 o1 esy
JoJued
ut [umo(q ‘dn] Quag
SQOUAIJY I Jo3Ie], suonouny Jo SpojN SQuag jo3Ie], uonemsoy 10U 91} JO dwreN ] asegoIn s190ued Jo odA],

(ponunuoo) | |qey

pringer

AR


https://doi.org/10.21037/atm-22–3650
https://doi.org/10.21037/atm-22–3650
https://doi.org/10.1007/s40618-021–01713-2
https://doi.org/10.1007/s40618-021–01713-2
https://doi.org/10.1007/s40618-021–01713-2
https://doi.org/10.1111/cns.13821
https://doi.org/10.1111/cns.13821
https://doi.org/10.1002/jcb.28313
https://doi.org/10.1002/jcb.28313
https://doi.org/10.1007/s12640-022–00548-w
https://doi.org/10.1007/s12640-022–00548-w
https://doi.org/10.1007/s12640-022–00548-w
https://doi.org/10.1080/15384101.2021.1930357
https://doi.org/10.1080/15384101.2021.1930357
https://doi.org/10.1080/15384101.2021.1930357
https://doi.org/10.1186/s13046-021–02027-0
https://doi.org/10.1186/s13046-021–02027-0
https://doi.org/10.1186/s13046-021–02027-0
https://doi.org/10.1016/j.tranon.2021.101219
https://doi.org/10.1016/j.tranon.2021.101219
https://doi.org/10.1016/j.tranon.2021.101219
https://doi.org/10.1186/s13018-022–03059-8
https://doi.org/10.1186/s13018-022–03059-8
https://doi.org/10.1186/s13018-022–03059-8

(2025) 383:21

Topics in Current Chemistry

Page 22 of 35

21

Sy
906CS MVIND/LYIT
"01/310°10p//:8dNY YrTI-giu S3uods yNyIw PHINTIL pajendaidp IV $8T9S00 210 sy
Joued
ut [umo(q ‘dn] Quag
SQOUAIJY I Jo3Ie], suonouny Jo SpojN SQuag jo3Ie], uonemsoy 10U 91} JO dwreN ] asegoIn s190ued Jo odA],

(ponunuoo) | |qey

pringer

AQs


https://doi.org/10.2147/CMAR.S290645
https://doi.org/10.2147/CMAR.S290645
https://doi.org/10.2147/CMAR.S290645

Topics in Current Chemistry (2025) 383:21 Page230f35 21

translation, legal and ethical considerations become increasingly crucial. It is
essential to explore regulatory frameworks for circRNA-based diagnostics and
therapeutics, encompassing issues such as intellectual property rights, informed
patient consent, and data privacy protection [75].

5.2 Resistance to Cell Apoptosis and Sustained Angiogenesis

A highly selective and essential mechanism known as programmed cell death, or
apoptosis, maintains a balance between cell survival and death, helping to prevent
diseases such as cancer [76]. The ability to evade apoptosis plays a critical role in
cancer development by promoting unchecked cell division [77]. Cancer cells employ
strategies to evade apoptosis, such as enhancing anti-apoptotic factors (e.g., Bcl-
2, Bel-xL, and Mcl-1) or reducing the tumor-suppressive activity of pro-apoptotic
proteins (e.g., Puma and Bax). CircRNAs exhibit significant regulatory effects on
several apoptosis-related components [29]. For example, endogenous circUBAP2
and has-circ-0001892 in myeloma and osteosarcoma cells compete to inhibit miR-
143 activity. Since miR-143 activates the anti-apoptotic factor Bcl-2, its suppression
decreases apoptosis in these cancers [27].

Angiogenesis, the process of forming new blood vessels, is essential for supply-
ing nutrients and oxygen to support tumor cell proliferation and survival [76]. Vas-
cular endothelial growth factor (VEGF) is recognized as the most potent regulator of
angiogenesis [12]. CircRNAs influence tumor angiogenesis by modulating VEGF-
related pathways through miRNA sequestration. Specifically, circRNAs regulate
angiogenesis by acting as sponges for microRNAs, competing with endogenous
RNA molecules, or binding and suppressing them. MicroRNAs typically target the
3’UTR region of angiogenic or anti-angiogenic factor transcripts, inhibiting mRNA
translation and promoting mRNA degradation. The identification of circRNAs asso-
ciated with tumor angiogenesis as biomarkers or therapeutic targets offers promising
opportunities for the development of novel anti-tumor treatments [78].

5.3 Limitless Replication Potential and Tissue Metastasis

In normal cells, replication potential is limited by two processes: senescence and
crisis. Telomeres, located at the ends of chromosomes, are crucial for this finite rep-
lication capacity. Telomerase, an enzyme that adds telomeric sequence repeats to the
ends of telomeric DNA, is overexpressed in 85-90% of human cancers, indicating
that unlimited replication potential is essential for tumor growth and malignancy. As
telomeres shorten with each cell division, their length determines the number of cell
division cycles [12]. Evidence suggests that circRNAs influence telomerase activity
and reduce the replicative ability of cancer cells. For instance, circWHSC1 recruits
miR-145 and miR-1182, leading to increased expression of the telomerase reverse
transcriptase enzyme. This activation enhances telomerase activity, supporting the
infinite replication capacity of cancer cells [77].

Metastasis is a complex process involving local tumor growth, intravascular inva-
sion, and colonization of distant tissues or organs, culminating in a lethal stage. The
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epithelial-mesenchymal transition (EMT) is a critical initial step in promoting inva-
sion and distant metastasis in many malignancies. CircRNAs have been shown to
contribute to EMT through various pathways, including the regulation of TGF-f
signaling, which affects the EMT program and tumor metastasis [29, 77]. For exam-
ple, circPTK2 (hsa_circ_0008305) was significantly downregulated in non-small
cell lung cancer (NSCLC) cells undergoing TGF-p-induced EMT [12].

5.4 CircRNAs in Phenotypic Plasticity and Metabolic Switching

Unlocking phenotypic plasticity and non-mutated epigenetic reprogramming have
recently been proposed as a hallmark of cancer. Evidence suggests that phenotypic
plasticity, defined as the ability of cells to transition into cancer through dediffer-
entiation, inhibited differentiation, or transdifferentiation, is a critical component in
the pathophysiology of certain malignancies. Numerous studies have highlighted the
role of circRNAs in facilitating phenotypic plasticity [77]. For example, circSH2B3
acts as a sponge for hsa-miR-4640-5p, increasing IGF2BP2 expression. This mech-
anism grants cancer cells dedifferentiation potential and drives cancer progression
[79].

Another hallmark of cancer is the alteration of energy metabolism to support
tumor growth. During carcinogenesis, cells often shift to anaerobic glycolysis to
meet their energy demands. This glycolytic reprogramming is associated with sev-
eral well-known oncogenes. However, the role of circRNAs in metabolic switching
remains poorly understood [11]. A significant study found that circRPN2 promotes
metabolic alterations favoring anaerobic glycolysis by influencing ENO1-mediated
AKT/mTOR signaling [80]. This discovery underscores the importance of circR-
NAs in a crucial and rate-limiting process of energy supply within cancer cells.

5.5 CirRNAs and Cancer-Associated Chromosomal Translocations

A group of fusion circRNAs has recently been identified in cancer cells, arising
from abnormal chromosomal translocations within the exons of different genes [36].
Cancer-associated chromosomal translocations rearrange specific non-homologous
chromosomes, joining two otherwise distinct genes and resulting in the formation
of a ‘fusion gene’ [81]. Oncogenic fusion proteins encoded by these fusion genes
have been shown to play a causal role in carcinogenesis. Alongside fusion proteins,
cancer-associated chromosomal translocations also produce fusion circRNAs. J.
Guarnerio and colleagues identified two abnormal fusion circRNAs, f-circM9 and
f-circPR, generated through chromosomal translocation. These fusion circRNAs
have been linked to the development and progression of hematological malignan-
cies. Moreover, the expression of f-circRNAs is crucial for the survival of cancer
cells and their ability to resist treatment, highlighting their significant role in can-
cer biology [35]. In mouse embryonic fibroblasts, fusion circRNAs f-circPR and
f-circM9_1 independently promote leukemia progression by increasing cell prolif-
eration, suppressing apoptosis, and inducing resistance to arsenic trioxide (ATO),
irrespective of their linear transcript or fusion protein products [82].
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5.6 CircRNA as a Potential Target for Inmunotherapy

Tumor immunotherapy, encompassing cellular therapy, checkpoint blockades, tumor
vaccines, and cytokine administration, has gained increasing prominence. However,
due to the heterogeneous nature of tumors, immunotherapy outcomes remain sub-
optimal and often lead to side effects. Studies have highlighted the role of certain
ncRNAs, such as miRNAs, in inducing tumor immunity. Yet, circRNAs have not
been extensively studied in regulating tumor immunity or explored for their poten-
tial clinical applications [83]. CircRNAs may expand the range of ‘druggable’ tar-
gets, offering new therapeutic opportunities [84]. Their expression profiles vary not
only across different malignancies but also at various stages of immune responses
to tumors. This dysregulated expression is notably significant in relation to differ-
ent organ-specific cancers and their responses to immune therapies. Some strategies
involve monitoring tumor stages by evaluating circRNA expression during immuno-
therapy [41].

Additionally, circRNAs have been proposed as novel tumor antigens, potentially
facilitating cell-to-cell communication among anti-tumor immune components, thus
presenting a promising target for immunotherapy [27]. An intriguing study by Zhang
et al. identified elevated ciRS-7 levels in colorectal cancer. Higher ciRS-7 expres-
sion was associated with advanced tumor stages (II to IV), lymph node involvement,
and distant metastases, all indicative of poorer tumor immunity [22]. These findings
suggest that ciRS-7 may serve as a biomarker for tumor immune status and could be
explored across various cancer types for its potential in cancer immunotherapy. Fur-
thermore, recent research has identified enzymes capable of degrading circRNAs,
which could impact their stability and function [85]. For instance, engineered circR-
NAs are being explored as platforms for RNA-based vaccines in cancer treatment,
leveraging their stability and translational capabilities [86].

Exosomal circRNAs act as critical mediators of intercellular communication
within the tumor microenvironment. Employing the circRNA-miRNA-mRNA axis,
they selectively bind and transport tumor-specific miRNAs or mRNAs, facilitating
their transfer between carcinoma cells and immunocytes. This exosomal encapsula-
tion not only stabilizes miRNAs during intercellular transport [83] but also ensures
their targeted delivery. Upon fusion with recipient immunocytes, the released cir-
cRNA cargo profoundly modulates tumor immunity. Notably, exosomal delivery of
miRNA-155 has been shown to potentiate cancer immunotherapies by augmenting
the cytotoxic activity of tumor-specific CD8+T cells. Consequently, targeting exo-
somal circRNAs represents a compelling avenue for the development of next-gener-
ation tumor immunotherapeutic interventions [87].

5.7 CircRNAs in Predicting Response to Chemoradiotherapy

Growing data suggests that circRNAs are highly associated with tumor chemother-
apy resistance. They could be critical in the development and the strategy to control
this resistance [12, 88]. The amount of DNA damage in cancer cells, their capac-
ity to balance the expression of genes linked to apoptosis induction and inhibition,
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the expression level of genes controlling the induction of cell cycle arrest, and their
DNA repair mechanism all affect how sensitive they are to radiation. Cancer cells
resistant to radiotherapy tend to suppress cell death and increase DNA damage
repair. The dysregulated gene expression in resistant cells is intimately connected
to radiation adaptation. As mentioned, ncRNAs are distinguished for their function
in controlling gene expression in cancer cells, particularly the regulatory ncRNAs.
Because they play such a significant role, ncRNAs are thought to be related to radia-
tion resistance and may control how sensitive cells can be to radiotherapy [89]. The
inclusion of circRNAs in chemoresistance in several types of cancer has also been
reported [90]. The underlying mechanisms of circRNA’s implication in this proce-
dure include drug efflux, apoptosis, glycolysis, interference with TME, autophagy,
and DNA damage repair dysfunction, among others. Some other mechanisms still
need to be explored further [88] (Fig. 5). Drug efflux, facilitated by ATP-binding
cassette (ABC) transporters, is a critical mechanism of multidrug resistance (MDR)
in cancer. Recent studies demonstrate that circRNAs can modulate this process.
Specifically, circ_0076305 has been identified as a key regulator of cisplatin resist-
ance in non-small cell lung cancer (NSCLC), functioning by sponging miR-186-5p
and consequently upregulating the expression of the ABCC1 efflux transporter [91].
By modulating the balance of pro- and anti-apoptotic proteins, circRNAs play a role
in drug resistance. For instance, circAMOTL1 confers paclitaxel resistance in breast
cancer by regulating AKT and its downstream effectors, including the pro-apoptotic

@ drug efflux
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Fig.5 The underlying mechanisms of circRNAs involved in chemoresistance in different types of can-
cers. By affecting cell apoptosis, drug efflux, autophagy, DNA damage repair, cell glycolysis, and epithe-
lial-mesenchymal transition, circRNAs induce resistance to anti-tumor drugs in various types of cancer
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BAX and BAK and the anti-apoptotic BCL-2 [92]. CircRNAs can contribute to
chemotherapy resistance by regulating tumor cell glycolysis. For example, silenc-
ing circ_0008928 in cisplatin-resistant NSCLC cells increases cisplatin sensitivity
and inhibits tumor progression and glycolysis by upregulating miR-488 and down-
regulating HK2 [93]. The circular RNA hsa_circ_0085131 contributes to resistance
against cisplatin in NSCLC and doxorubicin in breast cancer by acting as a ceRNA.
This action increases the expression of ATG7, a key protein in autophagy, thereby
enhancing drug resistance [94]. CircAKT3 promotes cisplatin resistance in gastric
cancer by both increasing the cancer cell’s ability to repair DNA damage and sup-
pressing their apoptosis [95].

It is understood that circRNAs may affect cell apoptosis and how responsive can-
cer cells are to radiation. The main function of IncRNAs and circRNAs to induce
radioresistance is reducing the impact of specific miRNAs, which may bind to IncR-
NAs and circRNAs through base-pairing principles [89]. It has been found that cir-
cRNAs were differently expressed between parental control cells and 5-fluorouracil
(5FU)-based chemoradiation-resistant colorectal cancer [CRC] cells using circRNA
microarray analysis. Three of these circRNAs, including has_circ_0007031, has_
circ_0000504, and has_circ_0007006, had overexpression in chemoradiation-resist-
ant CRC cells. This variable expression was further validated by qRT-PCR, dem-
onstrating their potential for chemoradiation resistance prediction and prevention
in CRC [96]. Additionally, radioresistance of esophageal cancer and chemotherapy
resistance of acute myeloid leukemia and breast cancer are found to be related to dif-
ferential expression of circRNAs. These significant findings suggest that circRNAs
can serve as biomarkers to monitor tolerance to cancer therapy [97]. Besides, they
are susceptible target points to apply for conjunctive cancer therapy against drug
resistance.

6 CircRNA Research Database

Researchers have recently devoted considerable effort to studying circRNAs, mak-
ing the development of circular RNA databases essential. These databases, which
include comprehensive annotations of protein-coding capabilities, significantly
facilitate research and clinical applications related to circRNAs [98]. With rapid
advancements in bioinformatics, the establishment and enhancement of various
useful databases are anticipated. To date, investigations in this area of circRNA
research, including sequence analysis, simulation, and docking studies, show great
potential and demand. A selection of up-to-date databases for circRNA research is
presented in Table 2.
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7 Conclusion and Perspectives

CircRNA molecules interact with RNA-binding proteins, function as miRNA
molecular sponges, and regulate gene transcription. However, several mechanisms
of action remain unidentified and require further investigation. It is now evident that
dysregulated circRNAs in various body fluids, such as urine and cerebrospinal fluid,
may serve as effective non-invasive biomarkers for cancer detection. The discov-
ery and functional analysis of these novel RNA molecules have not only enhanced
our understanding of the complexity of eukaryotic transcriptomes and non-coding
RNAs but also introduced innovative approaches and tools for diagnosing and treat-
ing human diseases. Recent evidence strongly supports the association between
global circRNA expression profiles and tumorigenesis, with potential differentiation
among specific cancer types. In conclusion, circRNAs hold great promise as novel
biomarkers for cancer detection, therapy, and prognosis monitoring. They exhibit
significant potential for broad clinical application in the future, with each type of
circRNA and malignancy offering vast opportunities for further research.

Further elucidation of the molecular mechanisms underlying circRNA functions
in cancer is crucial for designing targeted interventions. This includes understand-
ing how circRNAs interact with other non-coding RNAs and proteins to modulate
cancer hallmarks such as proliferation, metastasis, and drug resistance. Despite the
potential of circRNAs, challenges such as specificity, sensitivity, and the complexity
of circRNA interactions in different cancer types must be addressed. Overcoming
these challenges will require interdisciplinary collaboration, innovative solutions,
and a commitment to advancing our understanding of circRNA biology.
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