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Simple Summary: Circular RNAs (circRNAs) belong to a new class of non-coding RNAs implicated
in cellular physiological functions but also in the evolution of various human pathologies. Due to
their circular shape, circRNAs are resistant to degradation by exonuclease activity, making them
more stable than linear RNAs. Several findings reported that circRNAs are aberrantly modulated in
human cancer tissues, thus affecting carcinogenesis and metastatization. We aim to report the most
recent and relevant results about novel circRNA functions and molecular regulation, to dissert about
their role as reliable cancer biomarkers, and to hypothesize their contribution to multiple hallmarks
of cancer.

Abstract: Next generation RNA sequencing techniques, implemented in the recent years, have
allowed us to identify circular RNAs (circRNAs), covalently closed loop structures resulting in
RNA molecules that are more stable than linear RNAs. This class of non-coding RNA is emerging
to be involved in a variety of cell functions during development, differentiation, and in many
diseases, including cancer. Among the described biological activities, circRNAs have been implicated
in microRNA (miRNA) sequestration, modulation of protein—protein interactions and regulation
of mRNA transcription. In human cancer, circRNAs were implicated in the control of oncogenic
activities such as tumor cell proliferation, epithelial-mesenchymal transition, invasion, metastasis and
chemoresistance. The most widely described mechanism of action of circRNAs is their ability to act
as competing endogenous RNAs (ceRNAs) for miRNAs, IncRNAs and mRNAs, thus impacting along
their axis, despite the fact that a variety of additional mechanisms of action are emerging, representing
an open and expanding field of study. Furthermore, research is currently focusing on understanding
the possible implications of circRNAs in diagnostics, prognosis prediction, effectiveness of therapies
and, eventually, therapeutic intervention in human cancer. The purpose of this review is to discuss
new knowledge on the mechanisms of circRNA action, beyond ceRNA, their impact on human cancer
and to dissect their potential value as biomarkers and therapeutic targets.
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1. Introduction

Many in vivo and in vitro studies and, more recently, analysis of liquid biopsy from
cancer patients have shown that non-coding RNA (ncRNA), such as microRNA (miRNA)
and long ncRNA (IncRNA), can be considered as good biomarkers for the diagnosis,
prognosis and treatment of various human cancers [1,2]. Circular RNAs (circRNAs) were
first detected by electron microscopy nearly 45 years ago and later confirmed to be present
in the cytoplasm of eukaryotic cells [3,4]. Interestingly, through new RNA sequencing
methodologies and new bioinformatics approaches, circRNAs have forcefully emerged
in the clinical and basic research landscape [1,5,6]. These technologies highlighted that
human transcriptome counts more than 180,000 circRNAs [7] and that their expression
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pattern varies among cell types, diseases and the developmental stages of living beings,
including plants and invertebrates [8-11].

circRNAs are formed by a peculiar pre-mRNA that circularizes forming a covalently
closed continuous loop through a process called “back-splicing”, in which a downstream
3’ splice donor site is joined with an upstream 5’ splice acceptor site. They can derive from
spliced introns or from one or more exons, and sometimes they can have retained introns.
Furthermore, they are poorly subjected to degradation by exonucleases as they lack 5'-
and 3’- ends [12]. The splice event that generates a linear mRNA can compete with the
back-splice mechanism [13]. circRNAs can be divided into three main categories: exonic
circRNA (ecircRNA) consisting of one or more exons and representing 85% of all circRNAs,
exon-intronic circRNA (EicirRNA) and circularized intronic RNA (ciRNA). The biogenesis
mechanisms are briefly illustrated in the Figure 1. The characterization of circRNA groups
is fully reviewed in [14].
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Figure 1. The circular RNA (circRNAs) biogenesis. Three mechanisms that lead to circRNA biogenesis
are briefly described in the picture. (A) The first mechanism causes exon skipping and intron lariat
production. “Jumping exons” consist of bringing together two distant exons with the formation
of intron circular lariat. The lariat formation allows for the circularization of the “skipped” exons.
Three different types of RNA molecules are produced: circRNA, intron lariat, and linear mRNA
containing skipping exons. (B) The second mechanism is regulated by RNA-binding proteins, which
bind the neighboring introns of the exon that should circularize and create an RNA loop when RBPs
dimerize. The link between 3’ and 5’ ends of the circularized exons can facilitate splicing. (C) In the
third mechanism, the circularization of the exon/exons is promoted by the complementary pairing of
the flanking introns. Pairing with a complementary inverted sequence, such as ALU repeats, could
increase back-splicing.
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Most circRNAs are exported to the cytoplasm, while intron-containing circRNAs
are usually kept in the nucleus and affect the regulation of host-gene expression. Both
EIciRNAs and ciRNAs can act as cis-regulatory molecules in the regulation of host-genes.
EIciRNAs bind to the small nuclear ribonucleoprotein U1 (snRNP) to form the EIciRNAs-U1
snRNP complex, which combines with polymerase II (Pol II) to regulate the transcription
promoter region of the host genes [15].

It has been reported that circRNA expression is globally downregulated in diverse
human tumors such as colorectal and gastric adenocarcinoma, osteosarcoma, renal cell
carcinoma, lung adenocarcinoma, hepatocellular carcinoma, and prostate cancer [16]. An
explanation can be given by the fact that circRNNAs are more stable than linear RNAs
and that they can therefore accumulate in slow growing cells or in non-proliferating cells,
while in the proliferating cells they are distributed and diluted in the progeny cells [7,17].
However, over-expressed circRNAs are also observed in human tumors and support the
maintenance of the tumor phenotype. Interestingly, the distinct evaluation of expression
and function between circRNAs and their linear RNAs showed that circRNAs are not mere
by-products of splicing, but they play an important role in carcinogenesis independently
of their linear transcripts [7,9,16].

Diverse biological functions of circRNAs have been reported. In the scientific lit-
erature, the most reported function is that in which the circRNAs act as “sponges” for
miRNAs, IncRNAs and some mRNAs, affecting the functions of their target genes [5,9].
This review aims to discuss other circRNA functions that are emerging. circRNAs can bind
to specific RNA binding proteins (RBPs), sequester specific protein factors, and encode
proteins/peptides that are involved in carcinogenesis and metastatization [16,17]. Recently,
it has been shown that circRNAs are localized in exosomes, and therefore they are very
stable in biological fluids. Table 1 summarizes some of the recent oncogenic and tumor
suppressor circRNAs discussed in this review.

Table 1. Summary of oncogenic and tumor suppressors reviewed circRNAs.

circRNAs Targets or Biological Output Molecular Function Cancer Type Ref.
. c-Myc Interaction with proteins and to function
circAmotl1 Stat3 as protein decoys Breast [18,19]
ID-1
ircFoxo3 FAK Interaction with proteins and to function [20]
CIreroxo HIF-1a as protein decoys
E2F1
circPABPN1 PABPN1 Interaction with prqtems and to function Cervical [21]
as protein decoys
circPCNX AUF1 Interaction with prqtems and to function Cervical [22]
as protein decoys
cireMALAT1 PAX5 Enhancing protein complexes formation  yy oy cellylar [23]
and/or activity
. IGF2BP2 Enhancing protein complexes formation
circNSUN2 HMGA?2 and/or activity Colorectal [24]
YAP Enhancing protein complexes formation
circYAP elFAG 8 pan d/or acti}z/ity Breast [25]
PABP
ILF2/3 . . .
Enh t 1 f t
circPOK IL-6 rhanemng p;ﬁ;}r;f‘:;t‘gft’;es ormation Sarcoma [26]
VEGF
MDM2 [20]
circFoxo3 p53 Interaction between different proteins Breast [27]

p21 [27]
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Table 1. Cont.

circRNAs Targets or Biological Output Molecular Function Cancer Type Ref.
H2AX
circCenb1 Wild type-p53 Interaction between different proteins Breast [28]
Bclafl
circANRIL PES1 Interaction between different proteins [29]
circGSK3 /3 [3-catenin Interaction between different proteins Esophageal [30]
circDONSON SOX4 Transcriptional regulation C;jf:f [31]
ircHOT1 TIP60 Transcriptional regulation Hepatocellular 32
circ NR2F6 p g patocellula [32]
circEIF3] U1 snRNP Control of the expression of parental Cervical [33]
genes: control of transcription initiation
circPAIP2 U1 snRNP Control of the expression of parental Cervical [33]
genes: control of transcription initiation
. FUS Control of the expression of parental
circXIAP XIAP genes: control of transcription initiation Prostate [34]
TET1 Control of the expression of parental
FECRI FLI1 genes: control of transcription initiation Breast [35]
circCUX1 EWSR1 Control of the expression .Of paren tz.d Neuroblastoma [36]
genes: control of transcription initiation
ci-ankrd52 ankrd52 Control of the expression of parenta'l Cervical [37]
genes: control of transcription elongation
Hsa_circ_0075804 HNRNPK Regulation of protein scaffold to impact  p i b 1astoma [38]
on the translation
circBACHI HuR Regulation of protein scaf.fold to impact Hepatocellular [39]
on the translation
circZNF609 translated Translation [40]
circ3-catenin [3-catenin-370aa Translation Hepatocellular [41]
circFBXW7 FBXW7-185aa Translation Glioma [42,43]
Breast
circ_0020397 miR-138 Regulation of immune functions Colorectal [44]
circ_0020710 miR-370-3p Regulation of immune functions Melanoma [45]
circMET miR-30-5p Regulation of immune functions Hepatocellular [46]
CDRI1-AS miR-7 Functions in exosomes Brain [47,48]
circPDESA EMT Functions in exosomes PDAC [49]
RhoA
circIARS Rho A(—)GTP Functions in exosomes Pancreatic [50]
circ_17720
circ_178252
circ_115617
circ_14736 cancer recurrence F i i P 51
cire_30029 unctions in exosomes rostate [51]
circ_117300
circ_176436
circ_112897
circSATB2 miR-326 Functions in exosomes Lung [52]
circWHSC1 miR-145 Functions in exosomes Ovarian [53]
Hsa_circ_0032883 chemosensitivity Drug resistance Colorectal [54]
Hsa_circ_0020095 miR-487a-3p Drug resistance Colorectal [55]




Cancers 2021, 13, 3154

50f21

Table 1. Cont.

circRNAs Targets or Biological Output Molecular Function Cancer Type Ref.
circ-FBXW7 miR-18b-5p Drug resistance Colorectal [56]
circ_0005963 miR-122 Drug resistance Colorectal [57]
circGFRA1 miR-361-5p Drug resistance Breast [58]
circNRIP1 miR-211-5p Drug resistance Ovarian [59]
. miR-22 . .

circFoxp1 miR-150-3p Drug resistance Ovarian [60]
Hsa_circ_0002874 miR-1273f Drug resistance Lung [61]
Hsa_circ_0001946 NER signaling pathway Drug resistance Lung [62]
circUHRF1 Resistance to anti-PD1 Drug resistance Hepatocellular [63]

immunotherapy

New studies have revealed the roles of exosomal circRNAs in the onset of cancer [64].
From this point of view, circRNAs are considered novel and promising biomarkers for the
diagnosis and progression of cancer, for the evaluation of chemotherapy treatments and
perhaps as new tools for targeted molecular therapies.

2. A Variety of circRNA/RBP Complexes with Diverse Functions: Beyond miRNA
Sponging Activity

The molecular properties of circRNAs extend beyond their miRNA sponging ability.
Many studies have reported that groups of circRNAs serve as protein decoys, scaffolds and
recruiters in various physiological and pathological contexts. Similar to linear IncRNAs,
circRNAs may interact with single or multiple proteins to influence their cellular functions,
thereby regulating gene transcription, inhibiting cell cycle, and promoting proliferation and
cell survival, which may explain, moreover, their involvement in tumor progression [65].
Some known functions are schematically illustrated in the Figure 2 and described in the
following paragraphs.

2.1. circRNAs’” Ability to Interact with Proteins and to Function as Protein Decoys

Recent studies indicate that circRNAs can serve as decoys that compete with mRNAs
in binding to proteins. RNA-protein interactions can influence proteins’ expression and
function. Usually, RNAs, similarly to DNA, interact with proteins through base stacking,
hydrogen bonding, and hydrophobic interactions with van der Waals contacts. How-
ever, RNA-protein interactions significantly depend on the tertiary structure of the RNA
molecules. In this regard, circRNAs are able to form different tertiary structures on the
bound protein. By binding to proteins, circRNAs may favor or inhibit their activities,
modulating various aspects of cell physiology. Emerging studies have demonstrated that,
through direct interaction, circRNAs may also act as protein recruiters in a precise subcel-
lular location, also impacting their abundance in a specific cellular compartment [66-68].

An example of positive regulation of function is circAmotl1, a circular RNA originating
from exon 3 of the angiomotin-like 1 (AMOTL1) gene. circAmotll interacts with c-Myc
protein, facilitating its nuclear translocation and enhancing cancer growth. circAmotl1
is also able to recruit Signal Transducer and Activator of Transcription 3 (STAT3) in the
nucleus to stabilize STAT3 binding to the DNA-methyltransferase promoter [18,19].

On the contrary, circRNAs have been also shown to be able to bind and sequester
various protein factors, preventing their functions. For example, circFoxo3 has been shown
to bind to a variety of proteins in different cells. It can interact with anti-stress proteins
ID-1, FAK, HIF-1a, and the transcription factor E2F1, thereby retaining these proteins in
the cytoplasm and leading to cellular senescence [20].
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Figure 2. The biological functions of circRNAs. (A) circRNAs can function as a miRNA sponge
to rescue target mRNA expression, thus inducing translation; (B) some circRNAs bind to RNA
binding proteins (RBP), transcription factors (TF) or enzymes altering gene expression and cellular
metabolism; (C) some circRNAs contain an open reading frame (ORF) and can be translated, pro-
ducing peptides. UTRs including m6A modification, IRES, and/or IRES-like sequences may induce
circRNA translation.

Another example of negative regulation by circRNA is that of circPABPN1. In human
cervical carcinoma, high levels of circPABPN1 suppressed HuR binding to PABPNI mRNA,
inhibiting PABPNT1 translation and resulting in decreased cell proliferation [21].

Very recently, interaction of circPCNX (hsa_circ_0032434) with AUF1 protein has been
shown to selectively prevent AUF1 binding to p21 mRNA, leading to enhanced p21 mRNA
stability and p21 protein production, thereby suppressing cell growth in human cervical
carcinoma cells [22].

These recent papers, well described as circRNA-protein interactions, can influence
proteins’ expression and function.

2.2. circRNAs Enhancing Protein Complexes Formation and/or Activity

Many studies have shown that circRNAs can function like IncRNAs in facilitating the
formation of protein complexes. circRNAs are able to interact with proteins and mRNAs
and form ternary complexes, which can regulate mRNA stability or control translation.
The functional output of these complexes in cancer cells is frequently the modulation of
cell plasticity, namely the stem potential, and the transition between the epithelial and
mesenchymal states. An example of circRNA impinging on stem potential is circMALAT1,
which is produced by back-splicing of IncRNA MALAT1. circMALATT1 is highly expressed
in cancer stem cells (CSCs), where it constitutes a ternary complex with the mRNA of
paired box 5 (PAX5), a tumor suppressor, and ribosomes. This causes the block of PAX5
mRNA translation and the maintenance of the stem state in hepatocellular carcinoma [23].

Another circRNA, which contributes to cell plasticity in cancer cells is circNSUN2.
Specifically, circNSUN2 has a role in the induction of epithelial-mesenchymal transition
(EMT) and the promotion of colorectal cancer (CRC) aggressiveness. This circRNA com-
bines with IGF2BP2 protein and high mobility group A2 (HMGA2) mRNA, forming a
ternary complex able to stabilize the mRNA [24].

YAP is the key component of Hippo pathway, which plays a crucial role in tumori-
genesis. Interestingly, YAP expression can be regulated by its circRNA, circYAP, through
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the inhibition of YAP translation initiation machinery. Particularly, circYAP can bind to its
linear counterpart YAP mRNA and to the translation initiation associated proteins, el[F4G
and PABP. This complex abrogates the interaction of PABP with the poly(A) tail and of
elFAG with the 5'-cap of the YAP mRNA, finally preventing YAP translation initiation. [25].

An example of circRNA that favors the functional activation of a complex between
two proteins rather than the formation of this complex has been recently reported. It is the
case of circPOK, an oncogenic circRNA mainly expressed in mesenchymal cells. circPOK
is in antithesis with its linear counterpart, which suppresses tumor progression. circPOK
interacts with interleukin enhancer binding factor 2/3 (ILF2/3) protein complex in the
nucleus and affects the functionality of the complex. Specifically, circPOK-bound ILF2/3
complex binds with increased affinity to the mRNAs encoding for proangiogenic factors
such as IL-6 and VEGF, providing a proliferative advantage and augmented angiogenic
potential [26]. These studies confirmed that, in ternary complexes, circRNA—protein
interactions are quite common; nevertheless, their exact structures and precise processes of
assembly and disassembly have not been completely clarified.

2.3. circRNA Permitting the Interaction between Different Proteins

Recently, it was discovered that circRNNAs have a role in the interaction between
different proteins. Three modes of circRNA-protein interaction are currently known:
circRNA binds to both proteins to reinforce their interaction; circRNA binds to protein A
to modulate, positively or negatively, its interaction with protein B; circRNA dissociates
proteins that had originally combined with each other [69].

circFoxo3 is one of the most well-studied circRNA in the context of cancer [2]. It
originates from FOXO3 gene and can regulate stress resistance, cell apoptosis and the
cell cycle. Foxo3 protein is downregulated in many tumors and is considered a tumor
suppressor gene [70]. The circular form of Foxo3, circFoxo3, has demonstrated tumor
suppressor as well as oncogenic potential, depending on the considered cancer context. In
breast cancer, circFoxo3 acts as a tumor suppressor by increasing the Foxo3 protein level
while repressing p53 expression. By binding both p53 and MDM2 (the E3 ubiquitin-protein
ligase that causes p53 degradation), circFoxo3 promotes MDM2-induced p53 ubiquitination
and subsequent degradation. At the same time, circFoxo3 prevents MDM2 from inducing
Foxo3 ubiquitination and degradation, with consequent increased levels of the Foxo3
protein. As a result, cell apoptosis is induced by upregulation of the Foxo3 downstream
target PUMA [68].

circFoxo3 may also enhance the interaction between p21 and Cdk2 proteins in the
cytoplasm, thereby preventing Cdk2 interaction with Cyclins A and E and subsequently
blocking cell cycle progression. Therefore, circ-Foxo3 can control cell-cycle entry, forming a
complex with p21 and Cdk2 [27].

A single circRNA can influence the interactions between proteins both positively
and negatively, as exemplified by circCcnbl. In a wild-type TP53 context, circCcnbl can
bind H2AX and wt-p53 proteins, enabling wt-p53-cell proliferation and survival. On the
contrary, in mutant p53-carrying cells, circCcnb1 forms a complex with H2AX and Bclafl
proteins, facilitating cancer cell death. This occurs because wt-p53 has a greater affinity for
H2AX compared with mutant p53 and then leaves Bclafl free to bind to Bcl2, facilitating
cell proliferation. Mutant p53, however, is unable to bind to H2AX, so Bclafl can interact
with H2AX and circCenb1 to induce the death of mutant p53-carrying cancer cells [28].

Finally, circRNA can sequester proteins, blocking their interaction with other proteins.
A recent study reports that circANRIL, which is transcribed at a locus of atherosclerotic
cardiovascular disease on chromosome 9p21, confers atheroprotection by controlling ri-
bosomal RNA maturation. circANRIL can bind Pescadillo ribosomal biogenesis factor 1
(PES1), disturbing its assembly with two other proteins, BOP1 and WDR12, which forms a
PeBoW complex and is important for 60S-preribosomal assembly. The inhibition of rRNA
maturation leads to compromised ribosome biogenesis and induces nucleolar stress as
well as p53 stabilization. Therefore, this leads to an increase in apoptosis and a decrease
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in proliferation that will detain the development of atherosclerosis [29]. Another study
reports that circGSK3 can promote ESCC migration and invasion by decreasing (3-catenin
phosphorylation by GSK3f3 and its sequential ubiquitination [30].

These recent evidence shows that circRNAs play a role in the establishment of func-
tional platforms where protein molecules can interact.

2.4. Transcriptional Regulation

circRNAs exert many functional roles in development and disease, and among these
is the regulation of gene expression. In the tumor context, some circRNAs have been
shown to regulate gene transcription. This mainly occurs through the direct recruitment
of the circRNA on the promoter region of a target gene; this recruitment impinges of the
accessibility of the promoter and on the transcriptional activation rate.

We show here two examples referring, respectively, to gastric (GC) and liver (HCC)
cancer. circDONSON is a circRNA able to directly control the expression of SOX4, a
transcription factor often elevated in human cancers, where it generally correlates with
tumor-progression and poor disease outcome. It has been observed that circDONSON is
enriched on the SOX4 promoter region (~600/400 bp upstream of the transcription start
site). The silencing of circDONSON suppresses the active transcription mark H3K27ac on
the SOX4 promoter, leading to a significant reduction of SOX4 expression. Importantly, the
restoration of SOX4 leads to a reversal of the effects of circDONSON silencing on apoptosis,
migration and invasion in gastric cancer cells. Data reported by Ding et al. (2019) demon-
strate that circDONSON activates SOX4 transcription to promote GC progression [31].

Another example of a circRNA that impinges on gene transcription is circRHOT1,
which regulates the expression of NR2F6 in HCC cells [32]. NR2F6 is highly expressed
in HCC cells, and its expression requires circRHOT1, which is enriched in the NR2F6
promoter region and positively regulates, similarly to what has been observed in GC
for circDONSON, its H3K27ac modification. The presence of circRHOT is necessary for
the binding of RNA pol II and for the accessibility of the NR2F6 promoter. Specifically,
circRHOT1 recruits the TIP60 protein to initiate NR2F6 expression. Accordingly, a positive
correlation is present between the expression of NR2F6 and circRHOT], as well as between
NR2F6 and TIP60, in HCC tissues. All these elements highlight that circRHOT1 is essential
for TIP60-mediated NR2F6 expression in HCC tissues. Functionally, circRHOT1 promotes
the cell proliferation, migration and progression of HCC through NR2F6 activation [32].

These and many other papers strongly suggest that circRNAs may play a transcrip-
tional regulatory role, the detailed mechanisms of which are discussed in the following
sub-paragraphs. These studies provide important information for future exploration of the
function of circRNAs transcriptional control in cancer.

2.5. Control of the Expression of Parental Genes: Control of Transcription Initiation

There is a class of circRNAs that localize in the nucleus, are associated with RNA
polymerase II, and are able to regulate the expression of their parental genes in human
cells. These circRNAs are called exon-intron circRNAs or EIciRNAs because exons are
circularized with introns “retained” between exons (see also Figure 1).

Some circRNAs have been identified as containing exons and introns capable of reg-
ulating gene transcription in cis by forming specific interactions with snRNP U1 (small
nuclear ribonucleoprotein) thanks to the binding site of snRNA U1 present in the in-
trons [15]. snRNP Ul is a component of the splice complex that specifically binds to
TFIIH, which is a general transcription initiator [33]. In particular, the authors identified
two exon-intron circular RNAs, circ-EIF3] and circPAIP2, which can substitute snRNP U1
functions to create an additional complex with RNA Pol II and ensure the expression of
their parental genes. Notably, depletion of these circRNAs decreased the transcription level
of the corresponding EIF3] or PAIP2 host genes. RNA-DNA double fluorescence in situ
hybridization (FISH) revealed that EIciEIF3] and EIciPAIP2 colocalized with the EIF3] and
PAIP2 gene promoters, respectively. Collectively, these results suggest that some circRNAs
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could regulate the transcription of their parental genes in the transcription initiation phase.
circRNA production could compete with pre-mRNA maturation; however, once produced,
EIciRNAs can establish positive feedback loops for their own expression and that of their
parental genes. However, circEIF3] and circPAIP2 were also linked to other gene loci,
hypothesizing that these circRNAs may exert trans effects on other loci as well [15].

circRNAs can also affect the expression of parental genes by recruiting proteins to
specific regions of the target promoters or by sponging proteins to prevent their binding.
The proteins in question are: RNA-binding proteins (RBP), transcription factors, DNA
demethylases and DNA methyltransferases. Promoter regions are the most studied regions
for transcription regulation. There are many examples of circular RNAs that control the
expression of their own gene in this way and thus favor tumor progression.

Feng et al., for example, identified a circRNA involved in the progression of prostate
cancer (PC), circXIAP (hsa_circ_0005276), derived from three exons of XIAP gene. circXIAP
and its host XIAP gene are both upregulated in PC. circXIAP, which has both cytoplasmic
and nuclear localization, is able to recruit the RNA binding protein FUS to the XIAP gene
promoter region in the nucleus and activate XIAP transcription, thereby promoting the
proliferation, migration and epithelial-mesenchymal transition (EMT) of PC cells [34].
Another such example is FECR1, a circRNA consisting of FLI1 4-2-3 exons, which is able
to recruit TET1 DNA demethylase on the FLI1 promoter inducing DNA demethylation,
thus promoting greater expression of FLI1 gene and consequently favoring the invasion of
breast cancer cells [35]. circCUX1 (hsa_circ_0132813), highly expressed in neuroblastoma,
is located in the nucleus, consists of exon 2 and partial intron 2 of CUX1 gene, and interacts
with EWS RNA-binding protein 1 (EWSR1), inhibiting the EWSR1-mediated transactivation
of MYC-associated zinc finger protein (MAZ) and promoting CUX1 transcription, glycolysis
and neuroblastoma progression [36].

2.6. Control of the Expression of Parental Genes: Control of Transcription Elongation

Transcription can also be regulated at the level of elongation. Circular RNAs, in
particular intronic circRNAs (ciRNAs), are able to regulate transcription in the elongation
phase. One of these identified ciRNAs was ci-ankrd52 [37]. Ci-ankrd52 originates from the
second intron of the ankrd52 gene, encoding a protein with an unknown function. Synthetic
antisense oligodeoxynucleotides (ASOs) targeting intron-derived ci-ankrd52 were able to
downregulate the expression of these circular RNAs, also leading to a decrease in parental
mRNA levels. The specific ASO for ci-ankrd52, being complementary to the pre-mRNA
intron ankrd52, can bind to pre-mRNA and determine its degradation with the consequent
decrease of mRNA levels. The co-expression of ASO and corresponding intronic RNAs,
except ci-ankrd52, was unable to reduce ankrd52 mRNA levels, confirming the specificity
of ci-ankrd52 in the regulation of its parental mRNA expression. A similar mechanism has
also been reported for ci-mem5 and ci-sirt7. Throughout in vitro pull-down assay, it was
found that biotinylated ci-ankrd52 interacted with phosphorylated Pol II RNA. By using
similar assays, it was possible to deduce that ci-memb5 and ci-sirt7 also interact with Pol
II. Pol II phosphorylation is a key step in the transcription elongation process [71]. The
association of ciRNA with phosphorylated Pol II provided confirmation of its role as a
regulator in transcription elongation.

2.7. Regulation of Protein Scaffold in Impacting Translation

RBPs are proteins able to interact with specific sequences of RNA molecules, regulat-
ing their maturation, transport, localization and translation. These proteins also participate
in the formation of ribonucleoprotein complexes [72]. Bioinformatic analyses of circRNA
sequences have documented low enrichment for RBP binding sites; however, experi-
mental data suggest that circRNAs are able to bind to RBPs through specific binding
sites. Since RN A-RBP interactions are significantly influenced by the tertiary structure of
RNA molecules, the tertiary structure of circRNAs can exert an effect on their ability to
bind proteins.
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EcRNAs may play a role in the regulation of translation by interacting with RBPs in
the cytoplasm. Hsa_circ_0075804, for example, promotes the stability of transcription factor
E2F3 mRNA by binding to HNRNPK, thereby promoting retinoblastoma proliferation in
an E2F3-dependent manner [38]. Another circRNA, circBACH]1, binds to HuR protein,
thereby inducing its translocation from the nucleus to the cytoplasm, where HuR interrupts
the Internal Ribosome Entry Sites (IRES) function in the 5-UTR of p27 mRNA. This
event results in inhibition of p27 translation and consequently in the promotion of HCC
growth [39].

3. Translation of circRNAs in Human Cancer

Untranslated regions (UTR) 5’ and 3’ are considered essential elements that control
translation in eukaryotic cells. Usually, initiation phase requires a 7-methylguanosine
cap (m7G) at the 5’ end of mRNA. As circRNAs lack 5" and 3’ ends, they have long been
considered to have no coding capacity. Mounting evidence from recent literature, however,
suggests unexpected protein-coding potential for circRNAs. Diverse citcRNAs have indeed
been shown to be associated with polysomes and to contain the AUG initiation codon
as well as an open reading frame (ORF) of sufficient length. Specifically, it has been
shown that translation of circRNAs occurs through cap-independent mechanisms [73].
Cap-independent translation was previously reported to control the expression of several
mRNAs, especially under cellular stress conditions. Cap-independent translation initiation
on circRNAs might be mediated by: (1) the presence of specific sequences, referred to
as Internal Ribosome Entry Sites (IRES), which can directly recruit ribosomes to initiate
translation; and (2) the presence of methylated adenosine nucleotides in the form of N6-
methyladenosine (m6A), which can directly bind elF3. Notably, it is highly reasonable
that these two cap-independent translation pathways work coordinately. Indeed, a high
m6A methylation level was detected in IRES-containing circZNF609, which is translated
and functions in myogenesis [40]. m6A-driven translation requires initiation factor elF4G2
and m6A reader YTHDF3; moreover, it is enhanced by methyltransferases METTL3/14,
inhibited by demethylase FTO, and upregulated upon heat shock (Figure 3). Interestingly,
in a high throughput screening, m6A-driven translation of circRNAs has been found to be
widespread, with hundreds of endogenous circRNAs possessing translation potential [74].
Bioinformatics tools for identifying circRNA coding potential have been developed [73],
and databases of translatable circRNAs have been built [75]; this will also contribute to
giving a strong boost to the already active research on translatable circRNAs function.

A variety of circRNAs with coding potential have been reported as altered in human
cancer. In Hepatocellular Carcinoma (HCC), a circRNA arising from {3-catenin (circf3-
catenin), which allows for the translation of a 370 amino acid peptide ([3-catenin-370aa), has
been identified [41]. Interestingly, 3-catenin-370aa inhibits GSK3{ by acting as a decoy and
blocks GSK3B3-induced (3-catenin degradation, finally favoring (3-catenin activity. Another
interesting example of translated circRNA is circFBXW?7, which encodes a 185 amino acid
peptide (FBXW7-185aa). circFBXW7 has been reported in a variety of cancer types to act as
a tumor suppressor, also through its ability to sponge microRNAs. The translated FBXW7-
185aa has been so far identified in glioma and in triple-negative breast cancer [42,43], where
it contributes to inhibiting proliferation and migration. Mechanistically, FBXW7-185aa
induces the expression of FBXW7 and causes c-Myc degradation thanks to its ability to
bind and inhibit USP28, a deubiquinating enzyme responsible for c-Myc stabilization.
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Figure 3. Impact of circRNAs on translatiuon and immune functions. The N6-methyladenosine (m6A)
RNA modification of human circRNA, promoted by the activity of METTL3/14 while counteracted
by FTO, leads to the inhibition of the innate immune response, which is based on the subtraction of
modified circRNAs by the reader m6A YTHDE2. In the context of cancer, circRNAs impact immune
function due to their miRNA sponging activity. In fact, the inhibition of microRNAs leads on the
one hand to the induction of checkpoint inhibitors and, on the other, to the released expression of
soluble inflammatory mediators, such as CXCL12. Both of these activities promote the depletion of T
lymphocytes and immune escape.

4. Regulation of Immune Functions by circRNA

circRNAs have been reported to be able to control immunity in various ways. First of
all, differently from linear RNA, which leads to robust cellular immune response, foreign
circRNAs have reduced immunogenicity [76]. Importantly, the innate immune response is
inhibited by N6-methyladenosine (m6A) RNA modification on human circRNAs. Indeed,
mo6A reader YTHDF2 sequesters m6A-circRNA and is essential for suppression of innate
immunity [77].

In the context of cancer, circRNAs may have an impact on immune escape via differ-
ent mechanisms. The most direct mechanism is their ability to impinge, mainly through
sponging activity, on miRNAs that control the translation of immune checkpoint proteins
such as PD1-PDL1 and CTLA4-CD80/86 (Figure 3). One such example is hsa_circ_0020397,
a circRNA up-regulated in colorectal cancer (CRC) that controls cancer cell behavior by
inhibiting miR-138 with subsequent enhancement of PD-L1 expression [44]. circRNAs
have been also shown to control the expression of inflammatory cytokines in cancer, thus
modulating the recruitment of various cell types and the composition of the tumor mi-
croenvironment. High level of circ_0020710, for example, upregulates CXCL12 expression
by sponging miR-370-3p in melanoma cells. Accordingly, elevated circ_0020710 expres-
sion correlates with cytotoxic lymphocyte exhaustion, and, of note, a combination of a
CXCL12/CXCR4 axis inhibitor and anti-PD-1 significantly attenuates tumor growth [45].
Another interesting example is circMET (hsa_circ_0082002), a circRNA enclosed in chromo-
some region 7q21-7q31, the amplification of which is associated with tumor recurrence and
multidrug resistance in hepatocellular carcinoma (HCC). circMET expression promotes
HCC development by inducing an epithelial to mesenchymal transition and enhancing an
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immunosuppressive tumor microenvironment. Specifically, circMET enhances the expres-
sion of Snail by sponging miR-30-5p; Snail in turn activates DPP4, which downregulates
CXCL10, negatively regulating lymphocyte trafficking [46].

5. Functions of circRNAs in the Exosomes

Exosomes are small vesicles of 30-100 nm in diameter, surrounded by a phospholipid
membrane, and originating through a process of endocytosis of the early endosome. They
are secreted by most cells in both physiological and pathological conditions. They usually
contain peptides, small proteins, mRNAs and non-coding RNAs that can regulate the
behavior of recipient cells. They are present in fluids throughout the body and can be
used as biomarkers for diagnosing human pathologies [78,79]. The tumor uses exosomes
as a means of communication with the surrounding cells forming the tumor microenvi-
ronment to drive cancer proliferation, angiogenesis, invasion, metastasis and immune
escape [80-82].

Recently, circRNNAs have also been identified to be contained in the exosomes, and
thanks to their resistance to degradation, they can be stably present during the travel of
exosomes in bodily fluids that are transported over great distances. Several studies are
underway to investigate the functions of exosomal circRNAs in tumorigenesis. The first
study on exosomal circRNAs, which is very recent, analyzed circRNAs by using RNA-
seq analyses of ribosomal RNA-depleted total RNA from MHCC-LM3 liver cancer cells
and cell-derived exosomes [83]. They found that the ratio of circular (circRNA) to linear
(mRNA) expression in exosomes was about six times higher than in cells. This suggested
that circRNAs are more efficiently incorporated into exosomes than linear RNAs. The
authors extended this analysis by validating the pool of circRNAs found in liver cancer
by performing RT-qPCR analyses from exosomes purified from colon, lung, stomach,
breast, and cervical cancer cells. Diverse studies have suggested that circRNAs are actively
incorporated into exosomes with mechanisms that have not yet been elucidated, probably
implicating pathways common to linear RNAs, as through specific sequences recognized
by RNA binding proteins [83-85].

It has been hypothesized that the presence of circRNAs in the exosomes can be directly
regulated by miRNA expression in donor cells. For example, CDR1-AS circRNA binds
to miR-7 and strongly represses its activity towards target mRNAs [47,48]. CDR1-AS
expression is significantly downregulated in the exosomes, but it rises under overexpressed
miR-7 conditions [83]. This could suggest that, at least in part, the recruitment of circular
RNAs into exosomes could be regulated by the expression level of the miRNAs that bind
to them. Moreover, exosomal CDR1-AS was the first circRNA for which a function in
tumor proliferation was identified. It can induce growth suppression in the recipient cell
by sequestering endogenous miR-7 through sponge activity [83].

After the discovery by Li and colleagues, many papers have identified the presence
of circRNAs in exosomes from cell lines and biological fluids in many diseases, including
cancer. In tumors, they have been related not only to proliferation but also to several
additional oncogenic processes, such as epithelial-mesenchimal transition (EMT), invasion,
metastases and resistance to the therapies.

Regarding the invasion process, circRNAs in exosomes, in very recent papers, are
reported to render cancer cells more invasive, also by altering the tumor microenviron-
ment. circ-PDE8SA expression was detected by microarray analysis from liver-metastatic
pancreatic ductal adenocarcinoma (PDAC) tissues, and high circ-PDE8SA expression was
correlated with lymphatic invasion, TNM stage and a poor survival rate of PDAC pa-
tients. The authors found the circPDESA expression in plasma exosomes of PDAC patients
and exosomal circPDE8SA was associated with progression and prognosis in PDAC pa-
tients. Interestingly, circPDESA promoted the EMT in recipient cells by activating the
MACC/MET/ERK or AKT pathway [49].

Further evidence about the role of circRNAs in metastases of PDAC patients has been
reported by Li and colleagues and very recently reviewed by Limb and colleagues using a
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meta-analysis approach [86]. circIARS expression was found to be up-regulated in pancre-
atic cancer tissues and in the plasma exosomes of patients with metastatic disease. In vitro
experiments demonstrated that circ-IARS, through exosomes, promoted tumor invasion
and the metastasis of HUVEC cells. High levels of circ-IARS are correlated with liver
metastasis, vascular invasion, and the TNM stage and negatively correlated with survival
time after surgery. circIARS is able to up-regulate RhoA and RhoA-GTP levels, increasing
F-actin and focal adhesion and inducing endothelial monolayer permeability [50].

It is emerging that exosomal circRNA can induce cancer cell invasion not only by
making cancer cells more invasive but also by altering the tumor microenvironment.

In prostate cancer, a very recent study showed the gene expression analysis and the
screening of circRNAs from a cohort of 144 PCa patients who went into recurrence after
surgery [51]. Using the results, the authors developed a new circRNA risk score model to
predict prognosis. The Gene Ontology analysis of differentially expressed mRNAs between
high and low risk score PC patient groups identified a group of eight circRNAs (circ_178252,
circ_115617, circ_14736, circ_30029, circ_117300, circ_176436, circ_112897, and circ_17720)
related to recurrence involving pathways, which belong to the tumor microenvironment
(TME). Often, the PC recurrent cases are inevitably destined to evolve into metastases,
marking a worse prognosis [87]. Due to the complex signaling and molecular mechanisms
that are responsible for PC development and progression, the existing methods of prognosis
prediction are still insufficient. This study could be an excellent starting point to implement
some prediction molecular models for early detection, individualized therapeutic strategy,
and distinguishing high-risk patients, not only in pancreatic cancer but also in other tumors
where circRNAs have been found to be circulating.

Very recently, it was reported that circRNAs can participate in the occurrence and pro-
gression of lung cancer by exosome-transport. circSATB2 is highly expressed in non-small
cell lung carcinoma (NSCLC) cells and tissues [52]. Regarding the molecular mechanism,
circSATB2 acts by negatively regulating miR-326 expression and thereby inducing the
expression of the fascin homolog 1, actin-binding protein 1 (FSCN1) [52]. Furthermore,
circSATB2 is transferred by exosomes, promoting the proliferation, migration and invasion
of NSCLC cells and also inducing the abnormal proliferation of normal human bronchial
epithelial cells. Importantly, circSATB2 was found to be highly present in the serum exo-
somes of lung cancer patients with high specificity of correlation to lung cancer metastases,
making it an interesting potential biomarker for the diagnosis of NSCLC [52].

Lung adenocarcinoma (LUAD) and lung squamous cell carcinoma are the main
histologic subtypes of NSCLC. The incidence of LUAD has been observed to be increasing,
year after year, eventually becoming the most common subtype of NSCLC [88]. Lin and
colleagues examined, using high-throughput whole transcriptome sequencing, circRNA
expression in serum exosomes isolated from advanced-stage LUAD patients [89]. In silico
analysis of the putative pathways affected by the differentially expressed circRNAs showed
that tumor-related signaling pathways were the most represented. The strongest correlation
was reported to be with vascular endothelial growth factor (VEGF) signaling, the major
regulator of angiogenesis, and with promising signaling pathways to be targeted with
therapies already in use in clinical practice [89].

Ovarian cancer (OC) ranks as the fifth leading cause of malignancy-associated mor-
tality in women [90]. The ovary lies deep in the abdomen, and this anatomical position
favors late diagnosis of cancer, metastases mainly in the peritoneal cavity and low survival
rates of patients [91]. Therefore, research into biomarkers for early detection and predic-
tion of metastasis has received extensive attention. Recently, circWHSC1 (circ_0001387)
was detected in OC tissues at higher levels than in normal tissues without being already
reported in other tumors [53]. Furthermore, Zong and colleagues reported that circWHSC1
expression was higher in moderately and poorly differentiated ovarian cancer tissues than
in well-differentiated ones, suggesting a role for circtWHSC1 as a histological biomarker
in OC. Overexpression of circWHSC1 increased cell proliferation, migration and invasion
by in vitro assays by sponging miR-145, a well-known tumor suppressor in various malig-
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nancies [53,92]. circWHSC1 was also found in exosomes secreted by OC cells; therefore,
the authors explored the role of exosomal circWHSC1 in tumor peritoneal dissemination.
Interestingly, mice injected with circWHSC1-exosomes exhibited a higher number of tumor
nodules in the abdominal cavity than control mice, a loss of the original tight structure
between cells in the peritoneal mesothelium and expression of EMT markers [53]. Very
recently, high circWHSC1 expression was also observed in hepatocellular carcinoma tis-
sues, where high circWHSC1 is associated with worse overall survival, indicating that
circWHSC1 is also a powerful diagnostic indicator for HCC [93].

The results of these studies are in agreement with recent emerging evidence show-
ing that circRNAs could be related to the tumor microenvironment, involved in tumor
surveillance, angiogenesis, hypoxia, remodeling of the extracellular matrix (ECM), and
other functions [94-96].

The circRNA functions in the exosomes reviewed in this paragraph are summarized
in Table 1.

6. circRNAs in the Drug Resistance

circRNAs, in addition to being hypothesized as biomarkers for early diagnosis, metas-
tasis and prognosis, could also be valid tools in the detection of drug resistance. The
potential mechanisms of circRNAs in tumors that exhibit resistance to drugs and radiother-
apies are multiple and dependent on the organ in which they are expressed. Their detailed
study and the affected signaling pathways may provide evidence for clinical treatment
strategies. Below, we discuss some of the newer mechanisms of action by which circRNAs
can induce resistance to conventional therapies in tumors.

Many recent studies about circRNAs and chemoresistance involved colorectal cancer
(CRC). About 40% of CRC shows mutations in KRAS gene, whose protein product plays an
important role in cell proliferation signaling and chemoresistance. Diverse therapies in the
field of precision oncology research targeting KRAS mutations have therefore been imple-
mented [97]. To investigate the circRNA expression in isogenic CRC cell lines expressing
wild-type and G13D mutant KRAS, Dou and colleagues performed RNA-Seq analysis [84].
Notably, they reported that mutant KRAS was responsible for the downregulation of cir-
cRNA expression at a global level, showing a widespread effect and that the regulation
of circRNAs occurred independently of their host genes. Some of the identified circRNAs
also participated in exosomal trafficking and became more abundant in exosomes than
cells [84].

Microarray analysis of exosomal RNAs from chemoresistant and chemosensitive CRC
cells showed a group of circRNAs with altered expression [54]. They were validated in CRC
patients, and hsa_circ_0032883 was found to be significantly higher in serum exosomes of
chemosensitive patients compared with chemoresistant patients [54]. This data suggested
that hsa_circ_0032883 could be a tumor suppressor and a promising target for the response
to chemotherapy.

Very recently, several research groups have uncovered altered expressions of circRNAs
in CRC, which, by supporting chemoresistance, induce cell proliferation, invasion, and
migration through different mechanisms, the most common being that of miRNA spong-
ing. For example, circ_0020095 was found to be highly present in CRC tissues and cells
affecting proliferation, migration, invasion, and cisplatin resistance [55]. Mechanistically,
circ_0020095 bound to miR-487a-3p, increasing SOX9 expression [55]. Xu and colleagues
showed the interaction between circ-FBXW7 and miR-18b-5p in CRC cell lines [56]. cir-
cFBXW7 was found at low levels in oxaliplatin-resistant CRC patients and cells. Notably,
circFBXW?7 was secreted by circFBXW?7-transfected cells by exosome transport and could
be transferred to resistant CRC cells, leading to resistant cells becoming sensitive to ox-
aliplatin, increasing oxaliplatin-induced apoptosis, inhibiting oxaliplatin-induced EMT,
and suppressing oxaliplatin efflux [56]. From the therapeutic point of view, circFBXW?7
delivery by exosomes could inhibit chemoresistance to oxaliplatin in CRC by directly
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binding to miR-128-3p, speculating a precise therapeutic strategy for oxaliplatin-resistant
CRC patients.

An interesting, recent paper reported the involvement of circ_0005963 in the crosstalk
between glycolysis and chemoresistance in CRC [57]. Tumors, including colorectal cancer,
rapidly grow and hinder chemotherapy, usually trying to produce ATP through aerobic
glycolysis where the M2 isoform of pyruvate kinase (PKM2) plays a pivotal role. In this
research, the circular RNA hsa_circ_0005963 (ciRS-122) was found to act as sponge for
PKM2-targeting miR-122 to induce chemoresistance. In vitro and in vivo results showed
that exosomes from oxaliplatin-resistant cells delivered ciRS-122 to sensitive cells, and
using the sponging mechanism previously cited, glycolysis and drug resistance was in-
creased. Interestingly, exosomal ciRS-122 could inhibit glycolysis and reverse resistance to
oxaliplatin by regulating the ciRS-122-miR-122-PKM2 pathway in vivo [57].

Very recently, the abnormal expression of circular RNAs related to tumor chemoresis-
tance has exploded, showing multiple signaling pathways involved in tumor drug resis-
tance. To give some examples, in breast cancer (BC) patients, hsa_circ_0025202 was found
to inhibit cell tumorigenesis and Tamoxifen resistance via the miR-197-3p /HIPK3 axis,
suggesting a potential therapeutic strategy to bypass chemoresistance in BC patients [75].
High expression of circGFRA1 was found to induce the resistance of triple negative breast
cancer (TNBC) to Paclitaxel (PTX) by promoting the expression of miR-361-5p, which
reduced TLR4 expression [58]. In Ovarian Cancer (OC), circNRIP1 downregulation could
inhibit PTX resistance affecting the miR-211-5p/HOXCS axis [59], while serum exosomal
circular forkhead box protein P1 (circFoxp1) conferred cisplatin resistance by sequestering
miR-22 and miR-150-3p, causing downregulation of CEBPG and FMNL3 and poor survival
outcome [60].

Non-small cell lung cancer (NSCLC) patients have a low survival rate, and the ad-
vanced NSCLC cases that cannot receive molecular targeted therapy or immunotherapy are
treated with the standard first-line regimen, where the combination treatment of carboplatin
(CBDCA) plus paclitaxel (PTX) is one of the most widely used regimens, in which both
agents are administered once every three weeks [98]. Several papers have recently reported
the involvement of circRNAs in lung cancer, which are associated with tumor tissues, poor
prognosis of patients and resistance to chemotherapeutic and immunotherapeutic agents.

Recently, high expression of hsa_circ_0002874 has been evidenced in NSCLC [61] and
predicted an advanced TNM stage. Interestingly, hsa_circ_0002874 acts by sequestering
miR-1273f, which targets the MDM2 /p53 pathway [61]. Furthermore, the authors assessed
the important role of hsa_circ_0002874/miR-1273f axis on PTX resistance in NSCLC. They
constructed a drug-resistant xenograft mouse model by subcutaneous injection of A549
lung /Taxol-resistant cells, and mice were treated for 10 days with agomir-1273f plus PTX,
siRNAs directed to circRNA (siRNAs-ciR) plus PTX, or PTX alone. The tumor size in the
agomir-1273f group and siRNAs-ciR group were significantly smaller than those in the PTX
group, highlighting the relevance of the hsa_circ_0002874/miR1273f/MDM2/p53 pathway
on PTX resistance in vivo [61].

The expression of hsa_circ_0014235 was also reported to be significantly elevated
in NSCLC serum-derived exosomes, tumor tissues and cell lines, and it was associated
with tumor growth and resistance to cisplatin (CDDP) in vivo [99]. Hsa_circ_0001946
has been shown to induce the activity of the Nucleotide Excision Repair (NER) pathway
in lung cancer cells by influencing resistance to CDDP [62]. XPA, XPC, Rad23B, RPA14,
RPA32, RPA70, and ERCC1, which are NER pathway-related genes, were induced after
the knockdown of hsa_circ_0001946 expression. The downregulation of hsa_circ_0001946
expression activated the NER signaling pathway, which, in parallel, decreased sensitivity
to CDDP and increased DNA repair [62].

Hepatocellular carcinoma (HCC) is the most common disease of primary liver can-
cer (about 80%) and is the fourth leading cause of cancer-related death worldwide [100].
Sorafenib is a multi-kinase inhibitor that exhibited quite a good clinical efficacy in HCC
patients; however, poor prognosis of HCC is closely related to the development of ac-
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quired resistance [101]. Using RNA-seq analysis performed in sorafenib-resistant HCC cell
lines (SR-HepG2 and SR-Huh?), Weng and colleagues compared the circRNA profiles of
sorafenib-resistant and sorafenib-sensitive cells, identifying the 269 most differentially ex-
pressed circRNAs [102]. Hsa_circ_0025039 (circFOXM1) was found to be closely associated
with the best score for sorafenib-resistant cells. Notably, circFOXM1 expression was higher
in the tumor and adjacent tissues than in adjacent non-tumoral tissues, and its expression
was higher in sorafenib-resistant HCC tissues than in sorafenib-sensitive tissues [102].

Natural killer (NK) cells play a pivotal role in the innate antitumor immune response.
Diverse groups assessed that NK cell dysfunction is present in various malignant tumors,
including HCC [103].

An interesting paper recently reported high circUHRF1 associated with human HCC
tissues [63]. These aberrant circUHRF1 levels are related with poor prognosis and NK
cell dysfunction in HCC patients. The high level of circUHRF1 was also documented in
exosomes purified from the plasma of HCC patients, and it was associated with decreased
NK cell proportion and decreased NK cell tumor infiltration [63]. Furthermore, the authors
showed that circUHRF1 may drive resistance to anti-PD1 immunotherapy in HCC patients,
establishing a potential therapeutic strategy for HCC patients. Huang and colleagues also
showed a crosstalk between circMET (hsa_circ_0082002), which was overexpressed in HCC
tissue samples, and cancer immuno tolerance [46]. Mechanistically, circMET induced HCC
development and immune tolerance via the Snail/DPP4/CXCL10 axis using in vitro and
in vivo experiments, determining resistance to anti-PD1 treatment [46].

The circRNA functions in the drug response reviewed in this paragraph are summa-
rized in Table 1.

7. Conclusions

Due to the higher stability of circRNAs with respect to miRNAs and IncRNAs, shown
by the covalently closed ring structure, circRNAs cannot be degraded by most ribonucle-
ases compared with linear RNAs [104]. Furthermore, deregulated circRNA expression is
significantly associated with cancer and could have clinical significance as a diagnostic and
prognostic biomarker, as well as an evaluator of the therapeutic efficacy of cancer treat-
ments. Some intron-containing circRNAs remain in the nucleus and can act as regulators
of parental genes, whereas others are transferred to the cytoplasm and may play a role as
miRNA sponges and protein sponges or can be translated into proteins or peptides [105].
However, there are still a discrete number of unknown circRNAs with unexplored functions
that could have interesting clinical applications. Interestingly, the majority of circRNAs are
also incorporated into exosomes, strongly enriching their presence in plasma compared
with cancer tissues to perform functions away from the primary tumor.

In many cancer patients, early symptoms are not easily identifiable, as happens in
ovarian carcinoma or gastric cancer, and without robust and specific biomarkers for early
diagnosis, patients experience disease progression and further development of metastases.
To date, a variety of ncRNAs, as miRNAs and circRNAs, are emerging as powerful biomark-
ers for early diagnosis and prognosis prediction, especially due to their presence and easy
detection in body fluids [106-108]. The extensive study of these ncRNAs in large cohorts
of patients and in various biological samples will hopefully strongly contribute to the
development of novel diagnostic/prognostic strategies that will help cancer management.

Author Contributions: Conceptualization, S.D.A. and G.F; writing-original draft preparation, S.D.A.
and G.F,; writing-review and editing, G.F,, C.T., G.E. and S.D.A.; bibliography editing, C.T. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors received funding from AIRC under IG 2018—ID. 21434 project—P..
Fontemaggi Giulia.

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2021, 13, 3154 17 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

20.

21.

22.

23.

24.

25.

Volovat, S.R.; Volovat, C.; Hordila, I.; Hordila, D.A.; Mirestean, C.C.; Miron, O.T.; Lungulescu, C.; Scripcariu, D.V.; Stolniceanu,
C.R,; Konsoulova-Kirova, A.A ; et al. MiRNA and LncRNA as Potential Biomarkers in Triple-Negative Breast Cancer: A Review.
Front. Oncol. 2020, 10, 526850. [CrossRef]

Zhang, Z.; Zhang, ].; Diao, L.; Han, L. Small non-coding RNAs in human cancer: Function, clinical utility, and characterization.
Oncogene 2021, 40, 1570-1577. [CrossRef]

Sanger, H.L.; Klotz, G.; Riesner, D.; Gross, H.J.; Kleinschmidt, A.K. Viroids are single-stranded covalently closed circular RNA
molecules existing as highly base-paired rod-like structures. Proc. Natl. Acad. Sci. USA 1976, 73, 3852-3856. [CrossRef]
Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.; Gregersen, L.H.; Munschauer,
M.; et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 2013, 495, 333-338. [CrossRef]

Nisar, S.; Bhat, A.A.; Singh, M.; Karedath, T.; Rizwan, A.; Hashem, S.; Bagga, P.; Reddy, R.; Jamal, F.; Uddin, S.; et al. Insights Into
the Role of CircRNAs: Biogenesis, Characterization, Functional, and Clinical Impact in Human Malignancies. Front. Cell Dev. Biol.
2021, 9, 617281. [CrossRef]

Szabo, L.; Salzman, J. Detecting circular RNAs: Bioinformatic and experimental challenges. Nat. Rev. Genet. 2016, 17, 679—-692.
[CrossRef]

Vo, J.N,; Cieslik, M.; Zhang, Y.; Shukla, S.; Xiao, L.; Wu, Y.M.; Dhanasekaran, S.M.; Engelke, C.G.; Cao, X.; Robinson, D.R ; et al.
The Landscape of Circular RNA in Cancer. Cell 2019, 176, 869-881.e813. [CrossRef]

Ivanov, A.; Memczak, S.; Wyler, E.; Torti, F; Porath, H.T.; Orejuela, M.R.; Piechotta, M.; Levanon, E.Y.; Landthaler, M.; Dieterich,
C.; et al. Analysis of intron sequences reveals hallmarks of circular RNA biogenesis in animals. Cell Rep. 2015, 10, 170-177.
[CrossRef] [PubMed]

Tang, X.; Ren, H.; Guo, M.; Qian, J.; Yang, Y.; Gu, C. Review on circular RNAs and new insights into their roles in cancer. Comput.
Struct. Biotechnol. J. 2021, 19, 910-928. [CrossRef] [PubMed]

Wang, P.L.; Bao, Y.; Yee, M.C.; Barrett, S.P.; Hogan, G.J.; Olsen, M.N.; Dinneny, J.R.; Brown, P.O.; Salzman, J. Circular RNA is
expressed across the eukaryotic tree of life. PLoS ONE 2014, 9, €90859. [CrossRef] [PubMed]

Zhang, P; Li, S.; Chen, M. Characterization and Function of Circular RNAs in Plants. Front. Mol. Biosci. 2020, 7, 91. [CrossRef]
[PubMed]

Zhang, X.O.; Wang, H.B.; Zhang, Y.; Lu, X.; Chen, L.L.; Yang, L. Complementary sequence-mediated exon circularization. Cell
2014, 159, 134-147. [CrossRef] [PubMed]

Ashwal-Fluss, R.; Meyer, M.; Pamudurti, N.R.; Ivanov, A.; Bartok, O.; Hanan, M.; Evantal, N.; Memczak, S.; Rajewsky, N.;
Kadener, S. circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 2014, 56, 55-66. [CrossRef] [PubMed]

Eger, N.; Schoppe, L.; Schuster, S.; Laufs, U.; Boeckel, ].N. Circular RNA Splicing. Adv. Exp. Med. Biol. 2018, 1087, 41-52.
[PubMed]

Li, Z.; Huang, C.; Bao, C.; Chen, L.; Lin, M.; Wang, X.; Zhong, G.; Yu, B.; Hu, W.; Dai, L.; et al. Exon-intron circular RNAs regulate
transcription in the nucleus. Nat. Struct. Mol. Biol. 2015, 22, 256-264. [CrossRef]

Kristensen, L.S.; Hansen, T.B.; Veno, M.T.; Kjems, J. Circular RNAs in cancer: Opportunities and challenges in the field. Oncogene
2018, 37, 555-565. [CrossRef]

Jeck, W.R.; Sharpless, N.E. Detecting and characterizing circular RNAs. Nat. Biotechnol. 2014, 32, 453-461. [CrossRef]

Yang, Q.; Du, WW.,; Wu, N.; Yang, W.; Awan, EM.; Fang, L.; Ma, J.; Li, X,; Zeng, Y.; Yang, Z.; et al. A circular RNA promotes
tumorigenesis by inducing c-myc nuclear translocation. Cell Death Differ. 2017, 24, 1609-1620. [CrossRef] [PubMed]

Yang, Z.G.; Awan, EM.; Du, WW.; Zeng, Y.; Lyu, J.; Wu, D.; Gupta, S.; Yang, W.; Yang, B.B. The Circular RNA Interacts with
STATS3, Increasing Its Nuclear Translocation and Wound Repair by Modulating Dnmt3a and miR-17 Function. Mol. Ther. ]. Am.
Soc. Gene Ther. 2017, 25, 2062-2074. [CrossRef]

Du, WW,; Yang, W.; Chen, Y.; Wu, ZK,; Foster, ES; Yang, Z.; Li, X.; Yang, B.B. Foxo3 circular RNA promotes cardiac senescence
by modulating multiple factors associated with stress and senescence responses. Eur. Heart J. 2017, 38, 1402-1412. [CrossRef]
Abdelmohsen, K.; Panda, A.C.; Munk, R.; Grammatikakis, I.; Dudekula, D.B.; De, S.; Kim, J.; Noh, J.H.; Kim, K.M.; Martindale,
J.L.; et al. Identification of HuR target circular RNAs uncovers suppression of PABPN1 translation by CircPABPN1. RNA Biol.
2017, 14, 361-369. [CrossRef]

Tsitsipatis, D.; Grammatikakis, I.; Driscoll, R.K,; Yang, X.; Abdelmohsen, K.; Harris, S.C.; Yang, ].H.; Herman, A.B.; Chang, M.W.,;
Munk, R.; et al. AUF1 ligand circPCNX reduces cell proliferation by competing with p21 mRNA to increase p21 production.
Nucleic Acids Res. 2021, 49, 1631-1646. [CrossRef]

Chen, L.; Kong, R.; Wu, C.; Wang, S.; Liu, Z.; Liu, S;; Li, S.; Chen, T.; Mao, C. Circ-MALAT1 Functions as Both an mRNA
Translation Brake and a microRNA Sponge to Promote Self-Renewal of Hepatocellular Cancer Stem Cells. Adv. Sci. 2020, 7,
1900949. [CrossRef]

Chen, R.X,; Chen, X,; Xia, L.P.; Zhang, ].X.; Pan, Z.Z.; Ma, X.D.; Han, K.; Chen, ] W.; Judde, J.G.; Deas, O.; et al. N(6)-
methyladenosine modification of circNSUN?2 facilitates cytoplasmic export and stabilizes HMGAZ2 to promote colorectal liver
metastasis. Nat. Commun. 2019, 10, 4695. [CrossRef]

Wu, N,; Yuan, Z.; Du, K.Y,; Fang, L.; Lyu, ].; Zhang, C.; He, A.; Eshaghi, E.; Zeng, K.; Ma, J.; et al. Translation of yes-associated
protein (YAP) was antagonized by its circular RNA via suppressing the assembly of the translation initiation machinery. Cell
Death Differ. 2019, 26, 2758-2773. [CrossRef] [PubMed]


http://doi.org/10.3389/fonc.2020.526850
http://doi.org/10.1038/s41388-020-01630-3
http://doi.org/10.1073/pnas.73.11.3852
http://doi.org/10.1038/nature11928
http://doi.org/10.3389/fcell.2021.617281
http://doi.org/10.1038/nrg.2016.114
http://doi.org/10.1016/j.cell.2018.12.021
http://doi.org/10.1016/j.celrep.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25558066
http://doi.org/10.1016/j.csbj.2021.01.018
http://www.ncbi.nlm.nih.gov/pubmed/33598105
http://doi.org/10.1371/journal.pone.0090859
http://www.ncbi.nlm.nih.gov/pubmed/24609083
http://doi.org/10.3389/fmolb.2020.00091
http://www.ncbi.nlm.nih.gov/pubmed/32509801
http://doi.org/10.1016/j.cell.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25242744
http://doi.org/10.1016/j.molcel.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25242144
http://www.ncbi.nlm.nih.gov/pubmed/30259356
http://doi.org/10.1038/nsmb.2959
http://doi.org/10.1038/onc.2017.361
http://doi.org/10.1038/nbt.2890
http://doi.org/10.1038/cdd.2017.86
http://www.ncbi.nlm.nih.gov/pubmed/28622299
http://doi.org/10.1016/j.ymthe.2017.05.022
http://doi.org/10.1093/eurheartj/ehw001
http://doi.org/10.1080/15476286.2017.1279788
http://doi.org/10.1093/nar/gkaa1246
http://doi.org/10.1002/advs.201900949
http://doi.org/10.1038/s41467-019-12651-2
http://doi.org/10.1038/s41418-019-0337-2
http://www.ncbi.nlm.nih.gov/pubmed/31092884

Cancers 2021, 13, 3154 18 of 21

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

Guarnerio, J.; Zhang, Y.; Cheloni, G.; Panella, R.; Mae Katon, J.; Simpson, M.; Matsumoto, A.; Papa, A.; Loretelli, C.; Petri, A.; et al.
Intragenic antagonistic roles of protein and circRNA in tumorigenesis. Cell Res. 2019, 29, 628-640. [CrossRef]

Du, WW.,; Yang, W.; Liu, E.; Yang, Z.; Dhaliwal, P.; Yang, B.B. Foxo3 circular RNA retards cell cycle progression via forming
ternary complexes with p21 and CDK2. Nucleic Acids Res. 2016, 44, 2846-2858. [CrossRef]

Fang, L.; Du, WW.; Lyu, J.; Dong, J.; Zhang, C.; Yang, W.; He, A.; Kwok, Y.S.S.; Ma, J.; Wu, N,; et al. Enhanced breast cancer
progression by mutant p53 is inhibited by the circular RNA circ-Cenbl. Cell Death Differ. 2018, 25, 2195-2208. [CrossRef] [PubMed]
Holdt, L.M.; Stahringer, A.; Sass, K.; Pichler, G.; Kulak, N.A.; Wilfert, W.; Kohlmaier, A.; Herbst, A.; Northoff, B.H.; Nicolaou, A.;
et al. Circular non-coding RNA ANRIL modulates ribosomal RNA maturation and atherosclerosis in humans. Nat. Commun.
2016, 7, 12429. [CrossRef] [PubMed]

Hu, X.; Wu, D.; He, X.; Zhao, H.; He, Z,; Lin, J.; Wang, K.; Wang, W.; Pan, Z.; Lin, H.; et al. circGSK3beta promotes metastasis in
esophageal squamous cell carcinoma by augmenting beta-catenin signaling. Mol. Cancer 2019, 18, 160. [CrossRef] [PubMed]
Ding, L.; Zhao, Y.; Dang, S.; Wang, Y.; Li, X.; Yu, X,; Li, Z.; Wei, J.; Liu, M,; Li, G. Circular RNA circ-DONSON facilitates gastric
cancer growth and invasion via NURF complex dependent activation of transcription factor SOX4. Mol. Cancer 2019, 18, 45.
[CrossRef]

Wang, L.; Long, H.; Zheng, Q.; Bo, X; Xiao, X.; Li, B. Circular RNA circRHOT1 promotes hepatocellular carcinoma progression by
initiation of NR2F6 expression. Mol. Cancer 2019, 18, 119. [CrossRef] [PubMed]

Kwek, K.Y,; Murphy, S.; Furger, A.; Thomas, B.; O’Gorman, W.; Kimura, H.; Proudfoot, N.J.; Akoulitchev, A. U1 snRNA associates
with TFIIH and regulates transcriptional initiation. Nat. Struct. Biol. 2002, 9, 800-805. [CrossRef]

Feng, Y,; Yang, Y.; Zhao, X.; Fan, Y.; Zhou, L.; Rong, J.; Yu, Y. Circular RNA circ0005276 promotes the proliferation and migration
of prostate cancer cells by interacting with FUS to transcriptionally activate XIAP. Cell Death Dis. 2019, 10, 792. [CrossRef]
[PubMed]

Chen, N.; Zhao, G.; Yan, X.; Lv, Z,; Yin, H.; Zhang, S.; Song, W.; Li, X,; Li, L.; Du, Z; et al. A novel FLI1 exonic circular RNA
promotes metastasis in breast cancer by coordinately regulating TET1 and DNMT1. Genome Biol. 2018, 19, 218. [CrossRef]
[PubMed]

Li, H.; Yang, F; Hu, A.; Wang, X.; Fang, E.; Chen, Y,; Li, D.; Song, H.; Wang, J.; Guo, Y.; et al. Therapeutic targeting of circ-
CUX1/EWSR1/MAZ axis inhibits glycolysis and neuroblastoma progression. EMBO Mol. Med. 2019, 11, e10835. [CrossRef]
[PubMed]

Zhang, Y.; Zhang, X.O.; Chen, T; Xiang, ].F; Yin, Q.F; Xing, Y.H.; Zhu, S.; Yang, L.; Chen, L.L. Circular intronic long noncoding
RNAs. Mol. Cell 2013, 51, 792-806. [CrossRef]

Zhao, W.; Wang, S.; Qin, T.; Wang, W. Circular RNA (circ-0075804) promotes the proliferation of retinoblastoma via combining
heterogeneous nuclear ribonucleoprotein K (HNRNPK) to improve the stability of E2F transcription factor 3 E2E3. J. Cell. Biochem.
2020, 121, 3516-3525. [CrossRef]

Liu, B,; Yang, G.; Wang, X,; Liu, ].; Lu, Z.; Wang, Q.; Xu, B.; Liu, Z.; Li, J. CircBACH1 (hsa_circ_0061395) promotes hepatocellular
carcinoma growth by regulating p27 repression via HuR. J. Cell. Physiol. 2020, 235, 6929-6941. [CrossRef]

Legnini, I.; Di Timoteo, G.; Rossi, F.; Morlando, M.; Briganti, E; Sthandier, O.; Fatica, A.; Santini, T.; Andronache, A.; Wade, M.;
et al. Circ-ZNF609 Is a Circular RNA that Can Be Translated and Functions in Myogenesis. Mol. Cell 2017, 66, 22-37.€9. [CrossRef]
Liang, W.C.; Wong, C.W,; Liang, P.P; Shi, M.; Cao, Y.; Rao, S.T.; Tsui, S.K.; Waye, M.M.; Zhang, Q.; Fu, WM.; et al. Translation of
the circular RNA circbeta-catenin promotes liver cancer cell growth through activation of the Wnt pathway. Genome Biol. 2019,
20, 84. [CrossRef]

Yang, Y.; Gao, X.; Zhang, M.; Yan, S.; Sun, C.; Xiao, F; Huang, N.; Yang, X.; Zhao, K.; Zhou, H.; et al. Novel Role of FBXW7
Circular RNA in Repressing Glioma Tumorigenesis. ]. Natl. Cancer Inst. 2018, 110, 304-315. [CrossRef]

Ye, F; Gao, G.; Zou, Y,; Zheng, S.; Zhang, L.; Ou, X,; Xie, X.; Tang, H. circFBXW?7 Inhibits Malignant Progression by Sponging
miR-197-3p and Encoding a 185-aa Protein in Triple-Negative Breast Cancer. Mol. Ther. Nucleic Acids 2019, 18, 88-98. [CrossRef]
Zhang, X.L.; Xu, L.L.; Wang, F. Hsa_circ_0020397 regulates colorectal cancer cell viability, apoptosis and invasion by promoting
the expression of the miR-138 targets TERT and PD-L1. Cell Biol. Int. 2017, 41, 1056-1064. [CrossRef] [PubMed]

Wei, C.Y.; Zhu, M.X,; Lu, N.H,; Liu, ].Q.; Yang, Y.W.; Zhang, Y.; Shi, Y.D.; Feng, Z.H.; Li, ].X;; Qi, EZ.; et al. Circular RNA
circ_0020710 drives tumor progression and immune evasion by regulating the miR-370-3p/CXCL12 axis in melanoma. Mol.
Cancer 2020, 19, 84. [CrossRef] [PubMed]

Huang, X.Y.; Zhang, P.F.; Wei, C.Y,; Peng, R.; Lu, ].C.; Gao, C.; Cai, ].B,; Yang, X.; Fan, J.; Ke, A.W,; et al. Circular RNA circMET
drives immunosuppression and anti-PD1 therapy resistance in hepatocellular carcinoma via the miR-30-5p /snail/DPP4 axis.
Mol. Cancer 2020, 19, 92. [CrossRef] [PubMed]

Di Agostino, S.; Riccioli, A.; De Cesaris, P.; Fontemaggi, G.; Blandino, G.; Filippini, A.; Fazi, F. Circular RNAs in Embryogenesis
and Cell Differentiation With a Focus on Cancer Development. Front. Cell Dev. Biol. 2020, 8, 389. [CrossRef]

Hansen, T.B.; Kjems, J.; Damgaard, C.K. Circular RNA and miR-7 in cancer. Cancer Res. 2013, 73, 5609-5612. [CrossRef]

Li, Z.; Wu, Y,; Li, J.; Jiang, P,; Peng, T.; Chen, K.; Zhao, X.; Zhang, Y.; Zhen, P,; Zhu, J.; et al. Tumor-released exosomal circular
RNA PDESA promotes invasive growth via the miR-338/MACC1/MET pathway in pancreatic cancer. Cancer Lett. 2018, 432,
237-250. [CrossRef]


http://doi.org/10.1038/s41422-019-0192-1
http://doi.org/10.1093/nar/gkw027
http://doi.org/10.1038/s41418-018-0115-6
http://www.ncbi.nlm.nih.gov/pubmed/29795334
http://doi.org/10.1038/ncomms12429
http://www.ncbi.nlm.nih.gov/pubmed/27539542
http://doi.org/10.1186/s12943-019-1095-y
http://www.ncbi.nlm.nih.gov/pubmed/31722716
http://doi.org/10.1186/s12943-019-1006-2
http://doi.org/10.1186/s12943-019-1046-7
http://www.ncbi.nlm.nih.gov/pubmed/31324186
http://doi.org/10.1038/nsb862
http://doi.org/10.1038/s41419-019-2028-9
http://www.ncbi.nlm.nih.gov/pubmed/31624242
http://doi.org/10.1186/s13059-018-1594-y
http://www.ncbi.nlm.nih.gov/pubmed/30537986
http://doi.org/10.15252/emmm.201910835
http://www.ncbi.nlm.nih.gov/pubmed/31709724
http://doi.org/10.1016/j.molcel.2013.08.017
http://doi.org/10.1002/jcb.29631
http://doi.org/10.1002/jcp.29589
http://doi.org/10.1016/j.molcel.2017.02.017
http://doi.org/10.1186/s13059-019-1685-4
http://doi.org/10.1093/jnci/djx166
http://doi.org/10.1016/j.omtn.2019.07.023
http://doi.org/10.1002/cbin.10826
http://www.ncbi.nlm.nih.gov/pubmed/28707774
http://doi.org/10.1186/s12943-020-01191-9
http://www.ncbi.nlm.nih.gov/pubmed/32381016
http://doi.org/10.1186/s12943-020-01213-6
http://www.ncbi.nlm.nih.gov/pubmed/32430013
http://doi.org/10.3389/fcell.2020.00389
http://doi.org/10.1158/0008-5472.CAN-13-1568
http://doi.org/10.1016/j.canlet.2018.04.035

Cancers 2021, 13, 3154 19 of 21

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Li, J.; Li, Z,; Jiang, P,; Peng, M.; Zhang, X.; Chen, K.; Liu, H.; Bi, H.; Liu, X,; Li, X. Circular RNA IARS (circ-IARS) secreted by
pancreatic cancer cells and located within exosomes regulates endothelial monolayer permeability to promote tumor metastasis.
J. Exp. Clin. Cancer Res. CR 2018, 37, 177. [CrossRef]

Wang, S.; Su, W.; Zhong, C.; Yang, T.; Chen, W.; Chen, G; Liu, Z.; Wu, K.; Zhong, W.; Li, B.; et al. An Eight-CircRNA Assessment
Model for Predicting Biochemical Recurrence in Prostate Cancer. Front. Cell Dev. Biol. 2020, 8, 599494. [CrossRef]

Zhang, N.; Nan, A; Chen, L.; Li, X,; Jia, Y;; Qiu, M.; Dai, X.; Zhou, H.; Zhu, J.; Zhang, H.; et al. Circular RNA circSATB2 promotes
progression of non-small cell lung cancer cells. Mol. Cancer 2020, 19, 101. [CrossRef]

Zong, Z.H.; Du, Y.P,; Guan, X.; Chen, S.; Zhao, Y. CircWHSC1 promotes ovarian cancer progression by regulating MUC1 and
hTERT through sponging miR-145 and miR-1182. . Exp. Clin. Cancer Res. CR 2019, 38, 437. [CrossRef] [PubMed]

Hon, K.W.; Ab-Mutalib, N.S.; Abdullah, N.M.A.; Jamal, R.; Abu, N. Extracellular Vesicle-derived circular RNAs confers
chemoresistance in Colorectal cancer. Sci. Rep. 2019, 9, 16497. [CrossRef] [PubMed]

Sun, Y; Cao, Z.; Shan, J.; Gao, Y.; Liu, X.; Ma, D.; Li, Z. Hsa_circ_0020095 Promotes Oncogenesis and Cisplatin Resistance in Colon
Cancer by Sponging miR-487a-3p and Modulating SOX9. Front. Cell Dev. Biol. 2020, 8, 604869. [CrossRef] [PubMed]

Xu, Y,; Qiu, A.; Peng, F; Tan, X.; Wang, J.; Gong, X. Exosomal transfer of circular RNA FBXW7 ameliorates the chemoresistance to
oxaliplatin in colorectal cancer by sponging miR-18b-5p. Neoplasma 2021, 68, 108-118. [CrossRef]

Wang, X.; Zhang, H.; Yang, H.; Bai, M.; Ning, T.; Deng, T.; Liu, R.; Fan, Q.; Zhu, K,; Li, J.; et al. Exosome-delivered circRNA
promotes glycolysis to induce chemoresistance through the miR-122-PKM2 axis in colorectal cancer. Mol. Oncol. 2020, 14, 539-555.
[CrossRef]

Zheng, S.R.; Huang, Q.D.; Zheng, Z.H.; Zhang, Z.T.; Guo, G.L. circGFRAL1 affects the sensitivity of triple negative breast cancer
cells to paclitaxel via the miR-361-5p/TLR4 pathway. J. Biochem. 2021. [CrossRef]

Li, M.; Cai, ]J.; Han, X.; Ren, Y. Downregulation of circNRIP1 Suppresses the Paclitaxel Resistance of Ovarian Cancer via Regulating
the miR-211-5p/HOXCS8 Axis. Cancer Manag. Res. 2020, 12, 9159-9171. [CrossRef]

Luo, Y.; Gui, R. Circulating exosomal circFoxp1 confers cisplatin resistance in epithelial ovarian cancer cells. J. Gynecol. Oncol.
2020, 31, e75. [CrossRef]

Xu, J.; Ni, L.; Zhao, F,; Dai, X.; Tao, J.; Pan, J.; Shi, A.; Shen, Z.; Su, C.; Zhang, Y. Overexpression of hsa_circ_0002874 promotes
resistance of non-small cell lung cancer to paclitaxel by modulating miR-1273f/MDM2/p53 pathway. Aging 2021, 13, 5986—6009.
[CrossRef] [PubMed]

Huang, M.S,; Liu, ].Y.; Xia, X.B.; Liu, Y.Z; Li, X,; Yin, ].Y,; Peng, ].B.; Wu, L.; Zhang, W.; Zhou, H.H.; et al. Hsa_circ_0001946
Inhibits Lung Cancer Progression and Mediates Cisplatin Sensitivity in Non-small Cell Lung Cancer via the Nucleotide Excision
Repair Signaling Pathway. Front. Oncol. 2019, 9, 508. [CrossRef] [PubMed]

Zhang, PF; Gao, C.; Huang, X.Y.; Lu, J.C.; Guo, X.J.; Shi, G.M.; Cai, ].B.; Ke, A.W. Cancer cell-derived exosomal circUHRF1
induces natural killer cell exhaustion and may cause resistance to anti-PD1 therapy in hepatocellular carcinoma. Mol. Cancer
2020, 19, 110. [CrossRef] [PubMed]

Li, Y.; Feng, W.; Kong, M.; Liu, R.; Wu, A.; Shen, L.; Tang, Z.; Wang, F. Exosomal circRNAs: A new star in cancer. Life Sci. 2021,
269, 119039. [CrossRef]

Wawrzyniak, O.; Zarebska, Z.; Kuczynski, K.; Gotz-Wieckowska, A.; Rolle, K. Protein-Related Circular RNAs in Human
Pathologies. Cells 2020, 9, 1841. [CrossRef]

Lai, D.; Proctor, J.R.; Meyer, LM. On the importance of cotranscriptional RNA structure formation. RNA 2013, 19, 1461-1473.
[CrossRef] [PubMed]

Sengupta, A.; Sung, H.L.; Nesbitt, D.J. Amino Acid Specific Effects on RNA Tertiary Interactions: Single-Molecule Kinetic and
Thermodynamic Studies. . Phys. Chem. B 2016, 120, 10615-10627. [CrossRef] [PubMed]

Du, WW,; Fang, L.; Yang, W.; Wu, N.; Awan, EM.; Yang, Z.; Yang, B.B. Induction of tumor apoptosis through a circular RNA
enhancing Foxo3 activity. Cell Death Differ. 2017, 24, 357-370. [CrossRef]

Zhou, W.Y,; Cai, Z.R.; Liu, J.; Wang, D.S.; Ju, H.Q.; Xu, R.H. Circular RNA: Metabolism, functions and interactions with proteins.
Mol. Cancer 2020, 19, 172. [CrossRef]

Myatt, S.S.; Lam, E.W. The emerging roles of forkhead box (Fox) proteins in cancer. Nat. Rev. Cancer 2007, 7, 847-859. [CrossRef]
[PubMed]

Payne, ].M.; Laybourn, P.J.; Dahmus, M.E. The transition of RNA polymerase II from initiation to elongation is associated with
phosphorylation of the carboxyl-terminal domain of subunit Ila. J. Biol. Chem. 1989, 264, 19621-19629. [CrossRef]

Conlon, E.G.; Manley, ].L. RNA-binding proteins in neurodegeneration: Mechanisms in aggregate. Genes Dev. 2017, 31, 1509-1528.
[CrossRef]

Lei, M.; Zheng, G.; Ning, Q.; Zheng, J.; Dong, D. Translation and functional roles of circular RNAs in human cancer. Mol. Cancer
2020, 19, 30. [CrossRef] [PubMed]

Yang, Y.; Fan, X.; Mao, M,; Song, X.; Wu, P; Zhang, Y.; Jin, Y.; Chen, L.L.; Wang, Y.; Wong, C.C,; et al. Extensive translation of
circular RNAs driven by N(6)-methyladenosine. Cell Res. 2017, 27, 626—641. [CrossRef]

Li, H,; Li, Q.; He, S. Hsa_circ_0025202 suppresses cell tumorigenesis and tamoxifen resistance via miR-197-3p/HIPK3 axis in
breast cancer. World J. Surg. Oncol. 2021, 19, 39. [CrossRef] [PubMed]

Wesselhoeft, R.A.; Kowalski, P.S.; Parker-Hale, F.C.; Huang, Y.; Bisaria, N.; Anderson, D.G. RNA Circularization Diminishes
Immunogenicity and Can Extend Translation Duration In Vivo. Mol. Cell 2019, 74, 508-520.e4. [CrossRef] [PubMed]


http://doi.org/10.1186/s13046-018-0822-3
http://doi.org/10.3389/fcell.2020.599494
http://doi.org/10.1186/s12943-020-01221-6
http://doi.org/10.1186/s13046-019-1437-z
http://www.ncbi.nlm.nih.gov/pubmed/31666098
http://doi.org/10.1038/s41598-019-53063-y
http://www.ncbi.nlm.nih.gov/pubmed/31712601
http://doi.org/10.3389/fcell.2020.604869
http://www.ncbi.nlm.nih.gov/pubmed/33520987
http://doi.org/10.4149/neo_2020_200417N414
http://doi.org/10.1002/1878-0261.12629
http://doi.org/10.1093/jb/mvaa148
http://doi.org/10.2147/CMAR.S268872
http://doi.org/10.3802/jgo.2020.31.e75
http://doi.org/10.18632/aging.202521
http://www.ncbi.nlm.nih.gov/pubmed/33612481
http://doi.org/10.3389/fonc.2019.00508
http://www.ncbi.nlm.nih.gov/pubmed/31249811
http://doi.org/10.1186/s12943-020-01222-5
http://www.ncbi.nlm.nih.gov/pubmed/32593303
http://doi.org/10.1016/j.lfs.2021.119039
http://doi.org/10.3390/cells9081841
http://doi.org/10.1261/rna.037390.112
http://www.ncbi.nlm.nih.gov/pubmed/24131802
http://doi.org/10.1021/acs.jpcb.6b05840
http://www.ncbi.nlm.nih.gov/pubmed/27718572
http://doi.org/10.1038/cdd.2016.133
http://doi.org/10.1186/s12943-020-01286-3
http://doi.org/10.1038/nrc2223
http://www.ncbi.nlm.nih.gov/pubmed/17943136
http://doi.org/10.1016/S0021-9258(19)47159-7
http://doi.org/10.1101/gad.304055.117
http://doi.org/10.1186/s12943-020-1135-7
http://www.ncbi.nlm.nih.gov/pubmed/32059672
http://doi.org/10.1038/cr.2017.31
http://doi.org/10.1186/s12957-021-02149-x
http://www.ncbi.nlm.nih.gov/pubmed/33536026
http://doi.org/10.1016/j.molcel.2019.02.015
http://www.ncbi.nlm.nih.gov/pubmed/30902547

Cancers 2021, 13, 3154 20 of 21

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

Chen, Y.G,; Chen, R.; Ahmad, S.; Verma, R.; Kasturi, S.P.; Amaya, L.; Broughton, J.P.; Kim, J.; Cadena, C.; Pulendran, B.; et al.
N6-Methyladenosine Modification Controls Circular RNA Immunity. Mol. Cell 2019, 76, 96-109.e9. [CrossRef] [PubMed]
Mitchell, PS.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,
K.C; Allen, A,; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008,
105, 10513-10518. [CrossRef] [PubMed]

Pant, S.; Hilton, H.; Burczynski, M.E. The multifaceted exosome: Biogenesis, role in normal and aberrant cellular function, and
frontiers for pharmacological and biomarker opportunities. Biochem. Pharmacol. 2012, 83, 1484-1494. [CrossRef]

Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208-1215. [CrossRef]

Maia, J.; Caja, S.; Strano Moraes, M.C.; Couto, N.; Costa-Silva, B. Exosome-Based Cell-Cell Communication in the Tumor
Microenvironment. Front. Cell Dev. Biol. 2018, 6, 18. [CrossRef] [PubMed]

Wortzel, I.; Dror, S.; Kenific, C.M.; Lyden, D. Exosome-Mediated Metastasis: Communication from a Distance. Dev. Cell 2019, 49,
347-360. [CrossRef]

Li, Y.; Zheng, Q.; Bao, C; Li, S.; Guo, W.; Zhao, J.; Chen, D.; Gu, J.; He, X,; Huang, S. Circular RNA is enriched and stable in
exosomes: A promising biomarker for cancer diagnosis. Cell Res. 2015, 25, 981-984. [CrossRef]

Dou, Y.; Cha, D.J.; Franklin, J.L.; Higginbotham, J.N.; Jeppesen, D.K.; Weaver, A.M.; Prasad, N.; Levy, S.; Coffey, R.J.; Patton, ].G.;
et al. Circular RNAs are down-regulated in KRAS mutant colon cancer cells and can be transferred to exosomes. Sci. Rep. 2016,
6,37982. [CrossRef]

Wang, M.; Yu, E; Li, P; Wang, K. Emerging Function and Clinical Significance of Exosomal circRNAs in Cancer. Mol. Ther. Nucleic
Acids 2020, 21, 367-383. [CrossRef] [PubMed]

Limb, C; Liu, D.S.K,; Veno, M.T; Rees, E.; Krell, J.; Bagwan, I.N.; Giovannetti, E.; Pandha, H.; Strobel, O.; Rockall, T.A ; et al.
The Role of Circular RNAs in Pancreatic Ductal Adenocarcinoma and Biliary-Tract Cancers. Cancers 2020, 12, 3250. [CrossRef]
[PubMed]

Dall’Era, M.A.; Albertsen, P.C.; Bangma, C.; Carroll, PR.; Carter, H.B.; Cooperberg, M.R.; Freedland, S.J.; Klotz, L.H.; Parker,
C.; Soloway, M.S. Active surveillance for prostate cancer: A systematic review of the literature. Eur. Urol. 2012, 62, 976-983.
[CrossRef]

Mao, Y,; Yang, D.; He, J.; Krasna, M.]. Epidemiology of Lung Cancer. Surg. Oncol. Clin. N. Am. 2016, 25, 439—445. [CrossRef]
Lin, S.; Xiong, W.; Liu, H.; Pei, L.; Yi, H.; Guan, Y. Profiling and Integrated Analysis of Differentially Expressed Circular RNAs in
Plasma Exosomes as Novel Biomarkers for Advanced-Stage Lung Adenocarcinoma. OncoTargets Ther. 2020, 13, 12965-12977.
[CrossRef]

Torre, L.A.; Trabert, B.; DeSantis, C.E.; Miller, K.D.; Samimi, G.; Runowicz, C.D.; Gaudet, M.M.; Jemal, A.; Siegel, R.L. Ovarian
cancer statistics, 2018. CA Cancer . Clin. 2018, 68, 284-296. [CrossRef]

Motohara, T.; Masuda, K.; Morotti, M.; Zheng, Y.; El-Sahhar, S.; Chong, K.Y.; Wietek, N.; Alsaadi, A.; Karaminejadranjbar, M.;
Hu, Z; et al. An evolving story of the metastatic voyage of ovarian cancer cells: Cellular and molecular orchestration of the
adipose-rich metastatic microenvironment. Oncogene 2019, 38, 2885-2898. [CrossRef]

Wu, H.; Xiao, Z.; Wang, K.; Liu, W.; Hao, Q. MiR-145 is downregulated in human ovarian cancer and modulates cell growth and
invasion by targeting p70S6K1 and MUC1. Biochem. Biophys. Res. Commun. 2013, 441, 693-700. [CrossRef]

Lyu, P; Zhai, Z.; Hao, Z.; Zhang, H.; He, ]. CircWHSC1 serves as an oncogene to promote hepatocellular carcinoma progression.
Eur. |. Clin. Investig. 2021, 51, €13487. [CrossRef] [PubMed]

Hu, W,; Liu, C,; Bi, Z.Y.; Zhou, Q.; Zhang, H.; Li, L.L.; Zhang, J.; Zhu, W.; Song, Y.Y.; Zhang, F,; et al. Comprehensive landscape of
extracellular vesicle-derived RNAs in cancer initiation, progression, metastasis and cancer immunology. Mol. Cancer 2020, 19, 102.
[CrossRef] [PubMed]

Liu, Y;; Yang, Y.; Wang, Z.; Fu, X.; Chu, X.M.; Li, Y.; Wang, Q.; He, X,; Li, M.; Wang, K_; et al. Insights into the regulatory role of
circRNA in angiogenesis and clinical implications. Atherosclerosis 2020, 298, 14-26. [CrossRef] [PubMed]

Ou, Z.L.; Luo, Z.; Wei, W,; Liang, S.; Gao, T.L.; Lu, Y.B. Hypoxia-induced shedding of MICA and HIF1A-mediated immune escape
of pancreatic cancer cells from NK cells: Role of circ_0000977 /miR-153 axis. RNA Biol. 2019, 16, 1592-1603. [CrossRef]

Yarla, N.S.; Madka, V.; Pathuri, G.; Rao, C.V. Molecular Targets in Precision Chemoprevention of Colorectal Cancer: An Update
from Pre-Clinical to Clinical Trials. Int. J. Mol. Sci. 2020, 21, 9609. [CrossRef]

Teow, H.M.; Zhou, Z.; Najlah, M.; Yusof, S.R.; Abbott, N.J.; D’"Emanuele, A. Delivery of paclitaxel across cellular barriers using a
dendrimer-based nanocarrier. Int. . Pharm. 2013, 441, 701-711. [CrossRef]

Xu, X.; Tao, R,; Sun, L.; Ji, X. Exosome-transferred hsa_circ_0014235 promotes DDP chemoresistance and deteriorates the
development of non-small cell lung cancer by mediating the miR-520a-5p/CDK4 pathway. Cancer Cell Int. 2020, 20, 552.
[CrossRef]

Siegel, R.; Desantis, C.; Jemal, A. Colorectal cancer statistics, 2014. CA Cancer . Clin. 2014, 64, 104-117. [CrossRef]

Llovet, ].M.; Montal, R.; Sia, D.; Finn, R.S. Molecular therapies and precision medicine for hepatocellular carcinoma. Nat. Rev.
Clin. Oncol. 2018, 15, 599-616. [CrossRef] [PubMed]

Weng, H.; Zeng, L.; Cao, L.; Chen, T,; Li, Y,; Xu, Y.; Peng, Y.; Ye, Y. circFOXM1 contributes to sorafenib resistance of hepatocellular
carcinoma cells by regulating MECP2 via miR-1324. Mol. Ther. Nucleic Acids 2021, 23, 811-820. [CrossRef] [PubMed]
Mantovani, S.; Oliviero, B.; Varchetta, S.; Mele, D.; Mondelli, M.U. Natural Killer Cell Responses in Hepatocellular Carcinoma:
Implications for Novel Immunotherapeutic Approaches. Cancers 2020, 12, 926. [CrossRef]


http://doi.org/10.1016/j.molcel.2019.07.016
http://www.ncbi.nlm.nih.gov/pubmed/31474572
http://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://doi.org/10.1016/j.bcp.2011.12.037
http://doi.org/10.1172/JCI81135
http://doi.org/10.3389/fcell.2018.00018
http://www.ncbi.nlm.nih.gov/pubmed/29515996
http://doi.org/10.1016/j.devcel.2019.04.011
http://doi.org/10.1038/cr.2015.82
http://doi.org/10.1038/srep37982
http://doi.org/10.1016/j.omtn.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/32650235
http://doi.org/10.3390/cancers12113250
http://www.ncbi.nlm.nih.gov/pubmed/33158116
http://doi.org/10.1016/j.eururo.2012.05.072
http://doi.org/10.1016/j.soc.2016.02.001
http://doi.org/10.2147/OTT.S279710
http://doi.org/10.3322/caac.21456
http://doi.org/10.1038/s41388-018-0637-x
http://doi.org/10.1016/j.bbrc.2013.10.053
http://doi.org/10.1111/eci.13487
http://www.ncbi.nlm.nih.gov/pubmed/33410156
http://doi.org/10.1186/s12943-020-01199-1
http://www.ncbi.nlm.nih.gov/pubmed/32503543
http://doi.org/10.1016/j.atherosclerosis.2020.02.017
http://www.ncbi.nlm.nih.gov/pubmed/32131039
http://doi.org/10.1080/15476286.2019.1649585
http://doi.org/10.3390/ijms21249609
http://doi.org/10.1016/j.ijpharm.2012.10.024
http://doi.org/10.1186/s12935-020-01642-9
http://doi.org/10.3322/caac.21220
http://doi.org/10.1038/s41571-018-0073-4
http://www.ncbi.nlm.nih.gov/pubmed/30061739
http://doi.org/10.1016/j.omtn.2020.12.019
http://www.ncbi.nlm.nih.gov/pubmed/33614231
http://doi.org/10.3390/cancers12040926

Cancers 2021, 13, 3154 21 of 21

104.

105.

106.

107.

108.

Li, J.; Sun, D.; Pu, W.; Wang, J.; Peng, Y. Circular RNAs in Cancer: Biogenesis, Function, and Clinical Significance. Trends Cancer
2020, 6, 319-336. [CrossRef]

Kristensen, L.S.; Andersen, M.S.; Stagsted, L.V.W.; Ebbesen, K K.; Hansen, T.B.; Kjems, J. The biogenesis, biology and characteriza-
tion of circular RN As. Nat. Rev. Genet. 2019, 20, 675-691. [CrossRef]

Dumache, R. Early Diagnosis of Oral Squamous Cell Carcinoma by Salivary microRNAs. Clin. Lab. 2017, 63, 1771-1776.
[CrossRef] [PubMed]

Liu, Y.; He, A;; Liu, B.; Huang, Z.; Mei, H. Potential Role of IncRNA H19 as a Cancer Biomarker in Human Cancers Detection and
Diagnosis: A Pooled Analysis Based on 1585 Subjects. BioMed Res. Int. 2019, 2019, 9056458. [CrossRef] [PubMed]

Luzon-Toro, B.; Fernandez, R.M.; Martos-Martinez, ].M.; Rubio-Manzanares-Dorado, M.; Antinolo, G.; Borrego, S. LncRNA
LUCAT1 as a novel prognostic biomarker for patients with papillary thyroid cancer. Sci. Rep. 2019, 9, 14374. [CrossRef] [PubMed]


http://doi.org/10.1016/j.trecan.2020.01.012
http://doi.org/10.1038/s41576-019-0158-7
http://doi.org/10.7754/Clin.Lab.2017.170607
http://www.ncbi.nlm.nih.gov/pubmed/29226639
http://doi.org/10.1155/2019/9056458
http://www.ncbi.nlm.nih.gov/pubmed/31016202
http://doi.org/10.1038/s41598-019-50913-7
http://www.ncbi.nlm.nih.gov/pubmed/31591432

	Introduction 
	A Variety of circRNA/RBP Complexes with Diverse Functions: Beyond miRNA Sponging Activity 
	circRNAs’ Ability to Interact with Proteins and to Function as Protein Decoys 
	circRNAs Enhancing Protein Complexes Formation and/or Activity 
	circRNA Permitting the Interaction between Different Proteins 
	Transcriptional Regulation 
	Control of the Expression of Parental Genes: Control of Transcription Initiation 
	Control of the Expression of Parental Genes: Control of Transcription Elongation 
	Regulation of Protein Scaffold in Impacting Translation 

	Translation of circRNAs in Human Cancer 
	Regulation of Immune Functions by circRNA 
	Functions of circRNAs in the Exosomes 
	circRNAs in the Drug Resistance 
	Conclusions 
	References

