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Abstract. Circular RNAs (circRNAs) are a group of non-coding 
RNAs, formed mostly through a unique backsplicing mecha-
nism. Originally proposed to be a by-product from errors 
in splicing, recent studies have shown they exhibit a range 
of roles in regulating gene expression, including sponging 
of microRNAs (miRNAs), interactions with RNA-binding 
proteins and regulation of transcription. Though research is 
still in its infancy, evidence suggests circRNA levels are tightly 
regulated in the cell, reinforced by dysregulated circRNAs 
levels being implicated in a range of diseases, including cancer 
and viral infection. There is growing interest in circRNAs 
playing specific roles in cancers, either oncogenic or as tumour 
suppressors, with particular focus on their potential as novel 
biomarkers. This review will provide an overview of circRNA 
biogenesis and regulation, and their potential roles in the cell, 
with a focus on their dysregulation in cancer.
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1. Introduction

Circular RNAs (circRNAs) are a group of non-coding RNAs 
that in recent years have emerged as potential regulators of 
various cell processes. It is proposed that they serve a range 
of functions, including regulation of RNA-binding proteins 
(RBPs), promotion of mRNA cis-transcription and post-tran-
scriptional regulation through sponging of microRNAs 
(miRNAs/miRs) (1). They may also interact with splicing 
proteins or RNA polymerase II (RNA pol II) to aid in tran-
scriptional regulation (2). Due to their numerous and varied 
regulatory roles, circRNAs have been postulated to serve key 
roles in cancer, acting in both oncogenic and tumour-suppres-
sive manners. Although research focusing on circRNAs in 
cancer remains in its infancy, circRNAs have already been 
discovered to be dysregulated in a number of different cancers, 
as well as other types of diseases.

RNA was first discovered to be able to form natural 
circles >40 years ago in both plant viroids and in hepatitis 
δ virus (3). In 1991, circRNAs were found in human cells 
when circular isoforms with out-of-order exons from the gene 
DCC (encoding ‘deleted in colorectal cancer’ protein) were 
discovered, however, they were dismissed as a by-product 
from errors in RNA processing and splicing (4). Throughout 
the 1990s and early 2000s, increasing evidence for the exis-
tence of circRNAs in mammalian cells, such as transcripts 
with out-of-order exons, were discovered, although they were 
still considered to be low-abundance and non-functional 
RNAs (5). Improvements in RNA sequencing techniques have 
since revealed that circRNAs are expressed at far higher levels 
than initially considered, whereas the discovery in 2013 of 
a circRNA that was capable of sponging miRNAs led to the 
increased interest in their roles (6). This key finding provided 
evidence that circRNAs serve a functional role as master 
regulators of gene expression and are not simple by-products 
of splicing (7). 

2. Biogenesis

The biogenesis of circRNAs is yet to be fully elucidated; 
however, most are formed through backsplicing. Unlike 
canonical splicing, backsplicing results in the 3' splice donor 
site being joined to the upstream 5' splice acceptor site forming 
a closed circle (8). These circRNAs are characterised as either 
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exonic circRNAs (Ecircs), exonic-intronic circRNAs (EIcircs) 
or circular intronic circRNAs (CIcircs) (9). The vast majority 
of circRNAs discovered are Ecircs, with 2 main models for 
formation: Intron-pairing or lariat-driven (Fig. 1) (10). 

In intron-pairing, circularisation is driven by flanking 
inverted repeats in the introns either side of the exons. These 
repeats, particularly ALU elements, promote circRNA forma-
tion through base pairing of the introns bringing backsplicing 
sites closer together, enabling trans factors to facilitate 
circularisation (11). Lariat-driven formation occurs through 
exon skipping; this is a form of alternative splicing where 
exons are spliced from the main transcript, allowing greater 
diversity (12). These skipped exons can form a lariat with the 
removed introns; under certain conditions, before this lariat is 
degraded, it can undergo further splicing to remove the introns, 
forming a circRNA from the spliced exons (13). Similarly to 
intron-pairing, formation of a lariat drives circularisation 
through bringing the backsplice sites closer together, although 
the specific cis and trans factors that aid circularisation are 
not known. 

Simi la r  to exon-conta in ing ci rcRNAs, int ron 
only-containing circRNA formation is promoted through cis 
factors bringing splice sites into close proximity (14). With 
intron-containing circRNAs, these cis factors contain two 
consensus motifs. These motifs are a 7-nucleotide GU-rich 
element at the 5' end and an 11-nucleotide C-rich element at 
the branch site; together, these motifs bind and promote the 
formation of an intermediate circular lariat. These lariats 
escape degradation before further processing removes any 
exons or overhangs on the lariat, leading to the formation of a 
stable intron-only circRNA (15).

3. Regulation and dysregulation of circRNAs

The regulation of circRNAs during and after transcrip-
tion remains to be fully elucidated, with various complex 
factors controlling their transcription and splicing. Specific 
RBPs can promote circRNA formation; for example, the 
mannose‑binding lectin (Mbl) protein can bind to the flanking 
introns of circRNAs, acting as a bridge to bring the splice 
sites closer and promote circularisation (16). Another RBP 
termed Quaking (QKI) has also been demonstrated to regulate 
circRNA formation (17). QKI is hypothesised to specifically 
regulate multiple circRNAs involved in the epithelial-mesen-
chymal transition (EMT). QKI regulation, similar to Mbl, 
requires binding motifs within the flanking introns (17). These 
motifs are sufficient to promote circularisation, with the addi-
tion of these motifs to linear transcripts leading to circRNA 
formation. QKI protein binds to these motifs, forming a dimer 
structure, bringing the splice sites closer together to promote 
circularisation (17).

The nuclear export of Ecircs is also regulated, although the 
mechanism is yet to be fully determined. A recent study has 
suggested that the nuclear export of circRNAs is size-depen-
dent (18). Using an RNA interference-mediated approach 
targeting known nuclear export-related proteins, the impact on 
circRNA localization was evaluated in Drosophila DL1 cells. 
Results showed that depletion of the DExH/D-Box helicase, 
helicase at 25E (Hel25E), resulted in nuclear accumulation of 
circRNAs which were >800 nucleotides in length. Of note, it 

was further demonstrated that homologues of Hel25E, namely 
UAP56/DDX39B and URH49/DDX39A, have a similar role 
in mammalian cells. Longer circRNAs are exported through 
UAP56, whilst shorter circRNAs are exported through 
URH49 in humans (18). At present, the protein which exports 
shorter circRNAs in Drosophila remains to be determined. 
The regulation of circRNA nuclear export by these RNA 
helicases may provide a novel therapeutic approach to prevent 
circRNA dysregulation, as small molecule inhibitors are being 
developed which inhibit UAP56 export ability (19).

Negative regulators of circRNA formation have also 
been identified; these include the double‑strand RNA editing 
enzyme adenosine deaminase acting on RNA 1 (ADAR1) 
and the enzyme RNA Helicase A (DHX9). Overexpression of 
ADAR leads to significantly decreased levels of circRNAs; 
this mechanism is proposed to occur due to disruption of base 
pairing of the flanking introns (20). DHX9 is hypothesised 
to have roles in the regulation of ALU elements by binding 
and preventing secondary structure formation (21). As ALU 
secondary structures aid in promoting circularisation by 
bringing flanking introns in closer proximity, through this 
binding, DHX9 can also suppress circRNA formation (11). 
Furthermore, other ALU element regulators, such as heteroge-
neous nuclear riboprotein (hnRNP) C and hnRNP L, have also 
been shown to affect circRNA expression (7).

Studies have found circRNAs are frequently dysregulated 
in cancer, although exact mechanisms are not fully eluci-
dated (22-25). However, one known mechanism is through 
mutations in flanking introns; certain cancers, such as gastric 
cancer, often have flanking intron mutations; these can lead 
to mismatches or shortenings of introns, leading to reduced 
circRNA biogenesis (26). Dysregulation of proteins that have 
functions in regulating circRNA biogenesis has also been discov-
ered; for example, ADAR is commonly found dysregulated in 
cancers, from hepatocellular carcinoma (HCC) and lung cancer 
to melanoma (27). Through ADAR, base changes in flanking 
introns could lead to dysregulated biogenesis. Both hnRNPs and 
DHX9 have also found to be dysregulated in cancer, with both 
dysregulated in breast and lung cancers (28,29). 

There is also the potential for aberrant expression of 
transcription factors or splicing factors in cancer affecting 
circRNA levels. Although the role of splicing and transcription 
in relation to circRNAs is not fully elucidated, key mutations 
could lead to changes. For instance, the transcription factor 
C-myc frequently acts an oncoprotein and is upregulated 
in cancer; it is able to regulate specific circRNAs through 
myc-binding sites in circRNA promoters (30).

4. Functions

The proposed functions of circRNAs in regulating gene expres-
sion include miRNA sponging, interaction with RBPs and 
regulation of gene transcription (Fig. 2). Ecircs are proposed 
to carry out the majority of miRNA sponging and interaction 
with RBPs, whereas CIcircs and EIcircs are hypothesised to 
be involved in transcriptional control. Whether this division of 
function is due to the composition of the circRNAs or (more 
likely) their subcellular localisation, is unknown, with Ecircs 
generally found in the cytoplasm and CI/EIcircs located in the 
nucleus. 
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5. miRNA sponges

It is hypothesised that one of the main functions of circRNAs 
is to act as miRNA sponges, acting as endogenous regulators 
of miRNA activity (31). miRNAs are involved in post-tran-
scriptional regulation of gene expression through binding to 
complementary mRNAs and instigating translational inhibi-
tion by degradation or P-body storage of the mRNA (32). 
Through sponging of the miRNAs it is hypothesised that 
circRNAs play a key role in regulating gene expression and 
are often found to be dysregulated in diseases associated with 
aberrant gene expression (33). Through sponging of miRNAs, 
circRNAs act as crucial post-transcriptional regulators and 
play a key role in a regulatory network involving circRNAs, 
miRNAs and mRNAs. As they regulate through competition, 
circRNAs represent a novel class of competing endogenous 
RNA (ceRNA) (34). Compared with other known ceRNAs, 
circRNAs are more abundant and stable, and can contain 
a number of binding sites for miRNAs, allowing efficient 
regulation (35). Due to this regulation, circRNAs may play a 
key regulatory role in diseases associated with dysregulated 
miRNAs, including cancer, Parkinson's disease, hypertension 
and viral infection (36-38). This is supported by the fact that 
numerous circRNAs have already been reported as dysregu-
lated in cancer; however, it must be noted that numerous 
circRNAs lack miRNA binding sites, with one study finding 
only 12% of circRNAs studied contained miRNA binding sites 
and an argonaute (AGO) footprint (39). Furthermore, a number 
of the circRNAs that do contain miRNA binding sites have far 
fewer than the notable examples, such as ciRS-7 (also known 
as CDR1as) and sex-determining region Y circRNA (40,41). 

The first instance of circRNAs sponging miRNAs was 
reported in 2013, when the circRNA derived from the CDR1 
gene, ciRS-7, was shown to sponge miR-7 (6). ciRS-7 contains 
>70 binding sites for miR-7, with 90% of its sequence composed 
of hexamer repeats that comprise the miR-7 binding site (42). 
The use of AGO-crosslinking/immunoprecipitation (IP) has 

been integral for the confirmation of circRNAs as miRNA 
sponges. AGO is a key protein member of the RNA-induced 
silencing complex (RISC) involved in miRNA function (43). 
miRNA-sponging circRNAs precipitate strongly with AGO2. 
Furthermore, circRNAs are enriched in AGO-IPs upon over-
expression of target miRNAs (44). As such, the target miRNA 
facilitates complex formation between the circRNA and 
AGO2, enabling circRNA sponging ability and high occupancy 
of AGO sites (6). ciRS-7 interacts with miR-7, sequestering it 
from its target mRNA. Originally, ciRS-7 was found to act 
in the neuronal cells of zebrafish embryos and, by sponging 
miR-7, led to brain development defects via dysregulation of 
the mTOR pathway (45). Outside the brain, other miR-7 target 
mRNAs include epidermal growth factor receptor (EGFR) 
and X-linked inhibitor of apoptosis protein, two proteins 
frequently dysregulated in cancer (46). Furthermore, ciRS-7 
has been found to be upregulated in pancreatic ductal adeno-
carcinoma (PDAC), where it aids in promoting proliferation 
through the sponging of miR-7, leading to increased activity of 
the EGFR/STAT3 pathway (47). By sponging miR-7, ciRS-7 
acts as an oncogenic circRNA, allowing increased levels of 
several proteins that promote cell proliferation and negatively 
regulate apoptosis (45). 

One of the most extensively studied dysregulated circRNAs 
is homeodomain interacting protein kinase 3 circRNA 
(circHIPK3), a 1099-base pair circRNA formed from exon 2 of 
the HIPK3 gene (48). Through sequence analysis, it has been 
identified that circHIPK3 may contain 18 binding sites for 12 
different miRNAs, including binding sites for miR-7, miR-29b 
and miR‑124 that have been confirmed (48‑50). Through the 
sponging of miR-7, circHIPK3 leads to an increase in the 
expression of focal adhesion kinase (FAK), EGFR, YY1 tran-
scription factor and insulin-like growth factor 1 receptor (49). 
These oncogenes can promote metastasis and tumour growth 
by activating the PI3K/AKT and mitogen-activated protein 
kinase kinase/ERK pathways, increasing cell proliferation and 
leading to an increase in expression of pro-metastatic proteins, 

Figure 1. Two main models for the biogenesis of exonic circRNAs. (A) Lariat formation through exon skipping. Exon skipping occurs, forming a linear 
by-product, and a lariat containing the skipped exons and introns. This lariat then undergoes further splicing to remove the introns from the lariat and form 
an exonic circRNA. (B) circRNA formation through intron pairing. Complementary sequences between flanking introns bring the upstream 5' site and 
downstream 3' site in close proximity, promoting a backsplice event and the formation of an exonic circRNA. circRNA, circular RNA.
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including vascular endothelial growth factor, and metallopro-
teinase (MMP)2 and MMP9 (49). circHIPK3 also sponges 
the tumour suppressor miR-124, leading to an increase in the 
expression of miR-124 target mRNAs, including STAT3 and 
cyclin-dependent kinase 4 (CDK4), both commonly found to 
be upregulated in cancer (51). STAT3 is a transcription factor 
promoting cell growth through the activation of pro-cell 
cycle progression proteins and anti-apoptotic proteins, while 
CDK4 promotes cell cycle progression (51,52). circHIPK3 
has now been found to be upregulated in a range of cancers, 
including HCC, and colorectal, gastric, prostate and lung 
cancers, and may represent a novel biomarker or therapeutic 
target (22,50,53). Studies have shown some promise with 
silencing circHIPK3, reducing the proliferation of cancer cells 
and inducing apoptosis, whereas overexpression constructs 
promoted cell survival (49,51). 

circRNAs can also act as tumour suppressors via the 
sponging of oncomiRs, thereby decreasing the expression 
of oncoproteins. La-related protein 4 circRNA (circLARP4) 
sponges miR-424, leading to an increase in the expression of 
serine/threonine-protein kinase LATS1, which in turn down-
regulates the pro-proliferative yes-associated protein (YAP) 
pathway (Fig. 3) (54). Decreased expression of circLARP4 
was found to be associated with poorer prognosis and survival 
in gastric cancer (54). A second study also reported that low 
circLARP4 expression was associated with a poorer prognosis 
in HCC, with overexpression of circLARP4 leading to an 
increase in the levels of p53 and p21 (55). The study suggested 
that circLARP4 sponges miR-761, leading to upregulation of 
its target runt-related transcription factor 3 (RUNX3), which in 

turn activates downstream p53 and p21 signalling. RUNX3 is a 
transcription factor that has previously been reported to func-
tion as a tumour suppressor, with loss of expression associated 
with gastric cancer, although there is a degree of controversy 
as to whether RUNX3 possesses tumour-suppressive or onco-
genic properties (56).

An unusual example of post-transcriptional regulation 
via circRNA sponging of miRNAs is itchy E3 ubiquitin 
protein ligase circRNA (circITCH), as circITCH regulates 
the expression of the linear transcript it is derived from: The 
ITCH gene (57). circITCH contains binding sites for miR-7, 
miR-17 and miR-214 (42). These miRNA seed sequences are 
found in the 3' untranslated region (UTR) of the linear ITCH 
transcript, suggesting the miRNA may suppress linear ITCH's 
expression. circITCH sponges these miRNAs, leading to an 
increase in the mRNA expression of its linear form. ITCH 
functions as an E3 ubiquitin ligase, targeting proteins for 
degradation; one such protein is dishevelled segment polarity 
protein 2 (Dvl2). Targeting Dvl2 leads to a downregulation of 
the Wnt/β-catenin pathway (57). By upregulating the levels 
of ITCH mRNA levels (and therefore its protein levels) via 
miRNA sponging, circITCH may exhibit tumour suppressive 
properties (57,58). Further examples of miRNAs sponged by 
circRNAs are presented in Table I (24,25,59-65). 

6. Transcriptional regulators

A lesser-understood role of circRNAs involves acting as 
transcriptional regulators. Intron-containing circRNAs are 
retained in the nucleus, and are hypothesised to regulate the 

Figure 2. Proposed functions for circRNAs. (A) Regulating gene expression through associations with RNA pol II and U1 snRNP, increasing transcription. 
(B) Sponging RNA-binding proteins in the nucleus, preventing their normal function. (C) CircRNAs can potentially be translated. (D) Sponging miRNAs 
to regulate gene expression. (E) Sponging of proteins in the cytoplasm. (F) circRNAs acting as a protein scaffold, facilitating protein-protein interactions. 
circRNA, circular RNA; miRNA, microRNA; RNA pol II, RNA polymerase II; snRNP, small nuclear ribonucleoprotein.
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transcription of genes. It is proposed that the circRNAs upreg-
ulate their parental gene expression through the formation of 
a circRNA-U1 small nuclear (sn)ribonucleoprotein complex 
that interacts with RNA pol II (66). Nuclear circRNAs can 
also interact with additional transcriptional and splicing 
regulators, including U1A and U1C. It has been shown that 
these circRNAs localise to the loci of their parental genes 
and co-immunoprecipitate with their promoters, suggesting 
that they may regulate their expression in cis (9). Conversely, 
they can also localise to other areas, suggesting some trans 
regulatory mechanisms (15,67). One circRNA proposed 
to regulate transcription and splicing within the nucleus is 
E3 ubiquitin-protein ligase UBR5 circRNA (circUBR5). 
circUBR5 can bind to QKI, Nova-1 and U1 snRNA, and is 
therefore hypothesised to serve a regulatory role in splicing, 
although exact mechanisms remain to be elucidated (68). 
Notably, circUBR5 has been reported as downregulated in 
non-small cell lung cancer. 

7. Interactions with proteins

circRNAs also interact with proteins, acting as scaffolds or 
sponges (also termed decoys); through this mechanism, they 

can regulate crucial cellular processes, including ribosome 
biogenesis and cell cycle progression (69,70). Several of these 
protein-interacting circRNAs have also been implicated in 
tumourigenesis. One such circRNA is poly(A) binding protein 
nuclear 1 circRNA (circPABPN1); this can form complexes 
with the RBP human antigen R (HuR), thereby competitively 
preventing HuR from binding to PABPN1 mRNA (69). This 
suggests competition between the linear and circular form of 
PABPN1 serves a role in regulating their expression. PABN1 
is required for efficient 3' poly(A) tail formation, and therefore 
mRNA nuclear export and mRNA stability (71). circPABN1, 
through binding and sponging of the HuR protein, reduces 3' 
poly(A) tail formation, leading to a reduction in mRNA export 
and stability. 

Other circRNAs also interact with HuR, including 
circAGO2; this binding enhances export of HuR to the cyto-
plasm, where it binds to 3' UTRs of mRNA, leading to reduced 
AGO2/RISC complex binding and miRNA-mediated trans-
lational repression (23). Through this mechanism, circAGO2 
promotes cancer metastasis and promotes tumourigenesis 
both in vitro and in vivo. It has been found upregulated in 
neuroblastoma, and gastric, colon and prostate cancers, and is 
associated with a poor prognosis (23). 

Figure 3. Proposed mechanisms for an miRNA-sponging circRNA, circLARP4. (A) Low levels of circLARP4 lead to increased miR-424, which binds to its 
target mRNA LATS1, leading to reduced levels. Low levels of LATS1 allow YAP to translocate to the nucleus, where it acts as a transcriptional coactivator 
through associations with TEAD transcription factors, leading to cell proliferation. (B) Increased circLARP4 sponges miR-424, which leads to increased 
translation of LATS1. LATS1 phosphorylates YAP, preventing its translocation to the nucleus and inhibiting its activity. circRNA, circular RNA; LARP4, 
La-related protein 4; miRNA/miR, microRNA; TEAD1, TEA domain family member 1; YAP, yes-associated protein.
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Protein-circRNA interactions can also aid in suppressing 
tumourigenesis. Antisense non-coding RNA in the INK4 locus 
circRNA (circANRIL) binds to the c-terminal of pescadillo 
ribosomal biogenesis factor 1 (PES1) (72). PES1 is an RBP that 
mediates the processing of pre-mRNA through exonuclease 
activity and is essential for 60S ribosomal assembly. Through 
binding to PES1, circANRIL prevents its interactions with 
ribosomal RNA and impairs biogenesis of the ribosomes, 
leading in turn to an increase in p53 expression and apop-
tosis (70). 

One circRNA that has been thoroughly studied in regards 
to protein binding is forkhead box O3 circRNA (circFOXO3), 
which binds to numerous proteins aiding in reducing cell 
growth and survival. In the cytoplasm, circFOXO3 binds 
to proteins including FAK, hypoxia-inducible factor 1α, 
inhibitor of DNA binding 1 and E2F transcription factor 1, 
preventing their translocation to the nucleus and reducing 
their anti-cellular senescence functions (73). It can also bind 
to CDK2 and p21, forming a tertiary complex and acting as 
a sponge for CDK2, preventing its normal functions, which 
include enhancement of cyclin A expression and promotion 
of G1/S transition (74). Therefore, increased expression of 
circFOXO3 leads to decreased cell cycle progression. 

circFOXO3 may also serve roles in cancer through its 
regulation of FOXO3, with circFOXO3 increasing protein 
levels of FOXO3. FOXO3 is considered to be a tumour 
suppressor, reducing cell motility and invasion; reduced levels 
of FOXO3 lead to increases in PTEN and increased AKT 
signalling, and FOXO3 is often reported as downregulated 
in breast cancer (75). circFOXO3 increases FOXO3 levels 
by binding to it and preventing its ubiquitination by mouse 
double minute 2 homolog (MDM2). This in turn leads to 
increases in its downstream target p53-upregulated modulator 
of apoptosis (PUMA), promoting cell apoptosis (76). Notably, 
circFOXO3 is also capable of acting as a scaffold for MDM2 
and p53, promoting the ubiquitination-mediated degradation 
of p53 via MDM2, thereby repressing apoptosis. It is possible 

that by promoting MDM2 and p53 interactions, circFOXO3 
reduces the interaction between MDM2 and FOXO3, leading 
to increases in PUMA (7). Overexpression of circFOXO3 
leads to cell apoptosis in vitro and reduces tumour growth 
in vivo (76). 

8. Translated circRNAs

Although defined as non-coding RNAs, there is some 
evidence suggesting that certain circRNAs may be translated. 
Originally, studies reported in principle and artificial systems, 
that circRNAs may be able to be translated using an internal 
ribosome entry site (IRES) (77,78). In subsequent years, exper-
imental evidence has further supported this view. For example, 
it has been found that specific circRNAs that contain the same 
start codon as the gene they are derived from can associate 
with ribosomes (79). Secondly, a protein product derived from 
the Muscleblind (Mbl) transcript was also discovered that 
could only have originated from its circular form, translated 
using an IRES in the 3' UTR (77). Another circRNA proposed 
be translated is zinc finger protein 609 circRNA (circZNF609). 
Similar to the translated Mbl circRNA, circZNF609 contains 
the same start codon as its linear transcript and an in-frame 
stop codon; the transcript was reported to associate with 
ribosomes and be translated in a cap-independent manner 
using an IRES (79). Of note, Transcript Isoform in Polysomes 
sequencing showed 22% of all circRNAs investigated were 
associated with ribosomal fractions, suggesting that circRNAs 
may exhibit translatable activity (80). This polysome profiling 
also found that circRNAs in the ribosomal fractions mostly 
accumulated in the lighter fractions, suggesting circRNAs 
generally associate with fewer ribosomes along their length 
than linear mRNAs (39,80). However, it must be noted that the 
vast majority of circRNAs appear to not be translated. These 
two translated circRNAs (Mb1 and circZNF609) are also found 
in brain and muscle cells, respectively, where circRNAs are 
expressed at higher levels; therefore, abundance of circRNA 

Table I. Examples of known circRNA:miRNA:mRNA regulatory networks.

circRNA miRNA sponged miRNA targets Function regulated Associated cancer

circAKT3 miR-198 PIK3R1 Apoptosis, DNA repair Gastric (59) 
circSRY miR-138 RhoC, TWIST2, H2AX,  Migration and invasion CRC, 
  Bcl-2, SOX4  cholangiocarcinoma (60)
circPVT1 miR-125a, miR-125b,  HMGA2, KRAS, E2F2 Cell proliferation, metastasis Lung (61,62)
 let-7
circCEP128 miR-145 SOX11 Cell proliferation Bladder (63) 
circUBAP2 miR-143 Bcl-2 Apoptosis Osteosarcoma (64) 
circLAMP1 miR-615 DDR2 Cell growth and apoptosis T-cell lymphoma (24) 
circDLST miR-502 NRAS/MEK1/ERK1/2 Cell invasion, DNA synthesis  Gastric (65)
circBIRC6 miR-3918 Bcl-2 Apoptosis HCC (25)

circRNA, circular RNA; miRNA/miR, microRNA; SRY, sex-determining region Y; PVT1, plasmacytoma variant translocation 1; CEP128, 
centrosomal protein 128 kDa; UBAP2, ubiquitin associated protein 2; LAMP1, lysosomal-associated membrane protein 1; DLST, dihydroli-
poamide S-succinyltransferase; BIRC6, baculoviral IAP repeat containing 6; CRC, colorectal cancer; HCC, hepatocellular carcinoma.
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may contribute to transcript expression (77,79). In addition, 
the RNA modification N6‑methyladenosine (m6A) was found 
to be enriched in these circRNAs (81). This modification aids 
in translation through recruitment of translation initiation 
factors, including eukaryotic translation initiation factor 4 γ 2 
and YTH domain-containing family protein 3 (82). 

9. Oncogenic viruses and circRNAs

Viruses are estimated to be responsible for ~20% of all global 
cancer cases, with 7 viruses currently classified as human 
oncogenic viruses: Hepatitis B virus (HBV); hepatitis C virus; 
Merkel cell polyomavirus; Epstein-Barr virus (EBV); Kaposi's 
sarcoma (KS)-associated herpesvirus (KSHV); human papil-
loma virus; and human T-lymphotrophic virus 1 (83). Of these 
viruses, circRNAs have been reported to be encoded by EBV 
and KSHV (84,85). In all viruses, only DNA viruses have been 
discovered to encode circRNAs, with members of the herpes-
viridae family thus far dominating. This is not unexpected, 
due to their larger genome size and complexity; herpesvirus 
genomes are known to undergo the complex splicing neces-
sary for the biogenesis of circRNAs. Both EBV and KSHV 
also encode their own miRNAs; EBV encodes at least 44 
miRNAs, whereas KSHV encodes 18 (86,87). This suggests 
that both EBV and KSHV, by encoding their own miRNAs 
and circRNAs, seek to dysregulate the cellular non-coding 
RNA network. 

EBV expresses circRNAs from its BART locus; these 
circRNAs include both Ecircs and EIcircs. These transcripts 
were found to be expressed in cells latently infected with EBV, 
including Burkitt's lymphoma and nasopharyngeal cancer cell 
lines (84), suggesting a potential role in EBV oncogenesis. 
Other circRNAs encoded by EBV may be expressed both in 
the latent and lytic lifecycles. For example, circBHLF1 was 
found to be expressed at low levels during latency with a large 
upregulation during reactivation, suggesting a potential role 
in regulating the lytic/latent switch, whereas circRPMS1_E4_
E3a and circRPMS1_E4_E2 were both found to be expressed 
in EBV-positive stomach cancer tissues (88).

KSHV has been found to constitutively express a circRNA 
from its vIRF4 locus, as well as hundreds of low-copy 
circRNAs from its PAN locus (84). The circRNAs originating 
from the PAN locus were highly variable, and the authors 
suggested that they may be merely artefacts from processing 
PAN RNA due to the high copy number.

Notably, when searching for circRNAs encoded by KSHV, 
the miRNAs these circRNA may sponge were found to be 
enriched in pathways involved with the regulation of apoptosis 
and cancer, suggesting the potential for regulating oncogenic 
processes (89). These circRNAs were found to be expressed 
during lytic replication and played roles in altering cell replica-
tion. Using seed sequence analysis, the KSHV circRNAs also 
exhibited the potential to sponge virally-encoded miRNAs in 
addition to cellular miRNAs. These circRNAs were found in 
KSHV-infected endothelial cells and from primary effusion 
lymphoma (PEL) cells. Furthermore, these circRNAs were 
also discovered in the lymph nodes of patients suffering from 
KSHV-associated malignancies, including KS, PEL and multi-
centric Castleman's disease (89). Finally, there is the potential 
for other herpesviruses to encode circRNAs, with the monkey 

homologue for EBV, rhesus macaque lymphocryptovirus, and 
another γ-herpesvirus, murine γ-herpesvirus 68, both reported 
to encode circRNAs (85).

As well as encoding their own circRNAs, viruses have 
been shown to dysregulate cellular circRNAs to aid their 
survival and replication. The oncogenic virus, simian virus 
40 (SV40), was reported to dysregulate 134 cellular circRNAs 
during infection, of which 103 were upregulated (90). These 
circRNAs were found to be involved in regulation pathways 
crucial to oncogenesis, including the p53 and Wnt/β-catenin 
pathways. In addition, a potential circRNA:miRNA: mRNA 
regulatory network was identified, suggesting that SV40 
is capable of dysregulating non-coding RNAs to aid viral 
manipulation of cellular gene expression, supporting viral 
replication (90). 

As well as oncogenic DNA viruses dysregulating cellular 
circRNAs to aid in tumourigenesis, the retrovirus avian 
sarcoma leukosis virus (ASLV) has been found to dysregulate 
circVav3 (91). ASLV causes cancer in various types of bird, 
including chickens, pheasants and quails. circVav3 was found 
to be upregulated in liver tumours from ASLV-infected birds, 
where it acted as a sponge for gga-miR-375, leading to an 
increase in the expression of downstream mRNA targets. Among 
these targets is the transcription factor YAP1, which promotes 
cell proliferation and suppresses apoptosis. This sponging also 
led to increases in EMT activity and several EMT-associated 
markers, including N-cadherin and MMP2 (91). Furthermore, 
studies have shown differences in circRNA expression in 
ASLV-resistant and ASLV-susceptible birds, suggesting that 
circRNAs may either aid in suppressing oncogenesis or in 
tumour induction, depending on expression profiles (92).

Cellular circRNAs have also been reported as dysregulated 
by non-oncogenic viruses, suggesting that the mechanisms 
underlying virus-mediated dysregulation of circRNAs are 
varied and understudied, and that dysregulation of circRNAs 
is important in a range of diseases. For example, in early 
HIV infection, >1,300 circRNAs have been shown to be 
dysregulated, with 67 circRNAs proposed to serve a role in 
HIV replication (93). An RNA regulatory network of >500 
dysregulated circRNAs, 900 dysregulated mRNAs and 21 
miRNAs was also discovered. Similarly, a circRNA:miRNA 
network has also been identified during Ebola virus infec-
tion (94). Finally, herpes simplex virus 1 dysregulates >500 
circRNAs and >207 miRNAs, once again emphasising the 
potential for dysregulation of the circRNA:miRNA axis to 
attenuate cellular gene transcription (95).

10. circRNAs and exosomes

Exosomes are nanosized extracellular vesicles that transport 
a wide variety of molecules, from nucleic acids and lipids to 
proteins and hormones, with crucial roles in cell communica-
tion. Exosomes have also been implicated in tumourigenesis 
through roles in mediating the tumour microenvironment, 
modulating the immune response and aiding metastasis (96). 
Mechanisms behind these roles including transporting extra-
cellular matrix remodelling enzymes and growth promoting 
factors such as EGFR (97). Exosomes have also been shown 
to deliver miRNAs that promote oncogenesis, including miR-9 
and miR-105 (98). 
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Recent studies have provided evidence that exosomes may 
also transport and deliver circRNAs extracellularly; these so 
called exo-circRNAs may also have roles in both tumourigen-
esis and tumour suppression through delivery of circRNAs. 
CDR1as, the first functional circRNA discovered, has been 
shown to be delivered to distant cells in exosomes and once 
delivered to new cells, reduces the cellular levels of miR-7, 
inhibiting cell growth.

Furthermore, these exo-circRNAs may also act as func-
tional biomarkers in a range of cancers. circRNAs were first 
shown to exist in exosomes in 2015, with >1,000 discovered 
in human serum exosomes alone, with the ratio of circRNAs 
to their respective linear transcripts found to be enriched in 
a number of exosomes (99). These exo-circRNA populations 
only mildly correlate with cellular populations, suggesting a 
separate mechanism for circRNA regulation or transporta-
tion into exosomes from the main cellular environment. 
Studies have shown that exo-circRNAs can be excreted by 
tumours into serum and fluid throughout the body; these 
exo‑circRNAs have been isolated, and significant differences 
were found between their circRNA compositions compared 
with normal healthy cells (100,101). Tumour exosomes from 
colorectal cancer had 257 novel circRNAs, and were missing 
67 compared to exosomes from healthy tissues (99). 

Specific exo‑circRNA functions in cancer have also been 
investigated. Metastatic PDAC cells have been found to excrete 
a circRNA in exosomes, phosphodiesterase 8A circRNA 
(circPDE8A) (102). Increased levels of this circRNA are asso-
ciated with poor prognosis, increased metastasis and increased 
lymphatic invasion. Once the exosome delivers circPDE8A to 
new cells, it can sponge miR-338. Downregulation of miR-338 
leads to an increased in expression of metastasis-associated 
in colon cancer protein 1, in turn leading to activation of the 
MET/ERK and AKT signalling pathways, promoting cell 
growth and cell survival (102). This circRNA, once secreted 
into blood plasma inside of exosomes, was able to be detected, 
and may not only be a biomarker for PDAC cancer, but suggest 
the severity of the cancer. Specific exo‑circRNAs have also 
been discovered to be associated with HCC, gastric and 
urothelial cancer (101).

11. Biomarkers

Although research into circRNAs remains in its infancy, these 
molecules possess the potential to become novel biomarkers 
for a range of diseases, from cancer to viral infections, due to 
their inherent properties. circRNAs are highly stable due to 
their resistance to exonucleases, and have a half-life of >48 h 
compared with mRNA's half-life of ~10 h (103). They are often 
disease‑, tissue‑ and developmental stage‑specific, allowing a 
precise diagnosis and even a prognosis. Furthermore, due to the 
identification of circRNAs in exosomes, this may enable the 
detection of disease‑specific circRNAs in the blood, thereby 
allowing the detection of tumours early on through blood 
testing without the invasiveness associated with solid biopsies. 
As well as blood, circRNAs have been found enriched in a 
variety of body fluids including saliva, urine and cerebrospinal 
fluid (99). circRNAs have also been touted to be biomarkers in 
cardiovascular disease, neurological disease and diabetes (103). 
Infections also induce changes in cellular circRNAs, which 

could be used as a biomarkers; chronic HBV infection leads 
to the dysregulation of at least 99 circRNAs (104), whereas 
Mycobacterium Tuberculosis has been reported to dysregulate 
at least 61 cellular circRNAs during active infection (105). Of 
these, hsa_circ_0001953 and hsa_circ_0009024 have been 
suggested to be viable biomarkers, both displaying strong 
associations with active TB infection.

12. Fusion circRNAs (f‑circRNAs)

The phenomenon of chromosomal translocation is a 
well-studied area in cancer biology, with numerous examples 
of translocations leading to the aberrant expression of onco-
genic fusion proteins, most notably Bcr-Abl and promyelocytic 
leukaemia-retinoic acid receptor α (PML-RARα) (106). 
However, the effects chromosomal translocations have on the 
expression of circRNAs is yet to be determined. Recently, these 
f-circRNAs have been implicated in several cancers and onco-
genic processes. These fusion circRNAs have two junctions, 
the junction where two genes far apart in the genome have 
joined together and the backsplice junction. It has been shown 
that in tumours caused by chromosomal translocations, 50% 
expressed f-circRNAs, including PML-RARα and nucleo-
phosmin 1-anaplastic lymphoma kinase (NPM1-ALK) (107). 
NPM1-ALK-associated cancers have been shown to express 
f-circRNAs; these f-circRNAs are uniquely expressed only 
in the transformed cells and were not detected in wild-type 
cells (108). An f-circRNA, f-circAF9, was not only expressed 
in haematopoietic stem cells, but also led to a proliferative 
advantage and contributed to transformation of these cells, 
suggesting these f-circRNAs may serve active roles during 
oncogenic processes (109).

13. Future prospects

Long dismissed as simple by-products and errors in splicing, 
research into the roles and functions of circRNAs has shown 
that not only do they serve key roles in regulating gene 
expression in normal cells, but that their dysregulation can 
contribute to tumour development. Through their roles in 
miRNA sponging, protein sponging and gene expression, it is 
clear that circRNAs play an important role and further inves-
tigation is required. However, despite recent breakthroughs, a 
number of questions remain concerning circRNAs, with gaps 
in knowledge in all areas of circRNA research, particularly 
biogenesis, regulation and function. Regarding circRNA 
biogenesis, factors that aid circularisation, including longer 
flanking introns, nucleotide repeats and cellular RBPs have 
been identified; however, more unidentified factors undoubt-
edly remain and require further characterisation. Furthermore, 
the specific process of biogenesis remains poorly understood, 
with conflicting evidence suggesting circRNAs are synthesised 
both co- and post-transcriptionally. For example, circRNAs are 
often transcribed at a faster rate than linear RNAs, implying 
that regulation of RNA pol II and therefore its transcriptional 
speed may also play a role in their biogenesis (39). The export 
of Ecircs from the nucleus is also not fully elucidated. Initial 
research suggests specific cellular export factors, such as 
UAP56, regulate this process, but again which specific factors 
need to be identified. Finally, the stability of circRNAs is a 
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crucial area that must be further investigated, as it contributes 
substantially to their function. Initial studies suggest that they 
are resistant to various RNases and capable of being exosomal 
markers (14). As such, several questions remain, namely how 
cells regulate and control their degradation. This is particularly 
relevant in respect to diseases such as cancer that can lead to 
the downregulation of specific circRNAs. As further research 
is conducted, the impact of circRNAs in cell regulation and in 
diseases, such as cancer, should be revealed. In particular, the 
potential for circRNAs to act as biomarkers or targets of novel 
therapeutic approaches merits further investigation.
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