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Circular RNAs in cancer: novel insights into  
origins, properties, functions and implications 
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Abstract: Circular RNAs (circRNAs) are a large class of RNAs that, unlike linear RNAs, form covalently closed con-
tinuous loops and have recently shown huge capabilities as gene regulators in mammals. These circRNAs mainly 
arise from exons or introns, and are differentially generated by back splicing or lariat introns. Interestingly, they 
are found to be enormously abundant, evolutionally conserved and relatively stable in cytoplasm. These features 
confer numerous potential functions to circRNAs, such as acting as microRNA (miRNA) sponges, binding to RNA-
associated proteins to form RNA-protein complexes and then regulating gene transcription. Importantly, circRNAs 
associate with cancer-related miRNAs and the circRNA-miRNA axes are involved in cancer-related pathways. Some 
synthetic circRNAs have shown the remarkable anti-cancer effects. Though circRNAs are ancient molecules, the 
huge therapeutic potentials of circRNAs are recently being discovered from the laboratory to the clinic. Here, we 
review the current understanding of the roles of circRNAs in cancers and the potential implications of circRNAs in 
cancer targeted therapy. 
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Introduction

The concept of “circular RNA” was first pro-
posed in 1976, Sanger and colleagues found 
that viroids are single-stranded covalently 
closed circular RNA (circRNA) molecules patho-
genic to certain higher plants [1]. Unlike linear 
RNA, the 3’ and 5’ ends in circRNA normally 
present in an RNA molecule have been jointed 
together. This feature confers numerous prop-
erties to circRNA, many of which have only 
recently been validated. CircRNAs are a large 
class of RNAs that have shown huge capability 
as gene regulators in humans [2]. Beyond being 
a potentially major approach of gene regulation 
[3], circRNAs may represent new roles in can-
cer diagnosis and targeted therapy.

Origins of circRNA

CircRNA is a type of RNA that forms a covalently 
closed continuous loop. The early studies 

showed that some circRNAs arised from protein 
coding genes [4], and they were produced by 
seemingly rare errors in canonical and non-
canonical RNA splicing [5, 6]. Evidence is 
emerging that circRNA molecules are predomi-
nantly generated by a process called back-
splicing, where in downstream exons are spliced 
to upstream exons in reverse order [7]. In other 
words, a splice donor site being joined to a 
splice acceptor site further upstream in the pri-
mary transcript, yielding a circular transcript 
(Figure 1A-i). In addition, the exon circulariza-
tion is dependent on flanking intronic comple-
mentary sequences and is evolutionarily 
dynamic [8]. The long-held belief that the circu-
larized transcript is an accidental byproduct 
resulting from very rare error during splicing has 
recently been challenged. Zhang and col-
leagues identified another new class of intron-
derived circular RNAs (circRNAs) in derived from 
introns of protein coding genes and demon-
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strated their capacity to enhance transcription 
of their host genes (Figure 1A-ii) [9]. 
Interestingly, the latest study reported that RNA 
circularization and pre-mRNA splicing compete 
against each other in the manner of tissue spe-
cific and conserved feature in animals [10]. A 
handful of circRNAs generated from eukaryotic 
genomes, although have been identified, their 
roles are unclear as they are generated by 
seemingly rare errors in RNA splicing. 

Properties of circRNA: abundant, conserved 
and stable

More than 20 years ago, circRNAs were discov-
ered from a handful of transcribed genes [5, 6, 
11, 12]. At that time, these RNA molecules had 

generally been considered to be of low  
abundance and likely representing errors in 
splicing. Recently, the old circRNAs have been 
found to be abundant, conserved and stable in 
cytoplasm. 

CircRNAs are abundant

By genomic methods, Salzman et al found that 
the scrambled exons are in a large number of 
both normal and cancer cells. At least 10% of 
total transcript isoforms are expressed at lev-
els comparable to the canonical linear iso-
forms. The vast majority of scrambled exons 
(~98%) represent circular transcripts [4]. 
Moreover, by greater sequencing depth, Jeck et 
al. revealed that about 1 in 8 expressed genes 

Figure 1. CircRNAs are generated in nucleus and are very stable in cytoplasm. A. The origin of circRNAs. i. The un-
usual splicing machinery “backsplice” and generate exonic circRNAs whose 5’ and 3’ ends are covalently linked. 
ii. The intron-derived circRNAs are generated from lariat introns that escape debranching. Sequences near the 
5-splice site (yellow box) and branch point (red box) are minimally sufficient for an intron to escape debranching and 
become a stable circRNA. B. CircRNAs locate in cytoplasm. CircRNAs either undergo nuclear export or are released 
to the cytoplasm via nuclear pore complex (NPC), where they enjoy extraordinary stability, likely as a result of resis-
tance to debranching enzymes (DBE) and RNA exonucleases (REN). 
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produce detectable levels of circRNAs including 
the “low” category and the abundance of circu-
lar molecules exceeds that of associated linear 
mRNA by > 10-fold [3]. Interestingly, Memczak 
et al also found that numerous circRNAs (1,950 
circRNAs in humans, 1,903 circRNAs in mouse 
and 724 circRNAs in C. elegans) specifically 
express in a cell type or developmental stage 
[2]. Taken together, in contrast to the linear 
mRNAs, the circRNAs appear more abundant 
than expected.

CircRNAs are conserved

As an additional type of noncoding RNAs 
(ncRNAs), the endogenous circRNA retains a 
similar genomic structure. Despite the exonic 
circRNAs (arise from exons), the intronic cir-
cRNAs (arise from introns) can be further distin-
guished by the presence of a 2’-5’ junction [9]. 
Exonic circRNAs do not feature a 2’-5’ linkage 
but consist of 3’-5’ links throughout the mole-
cule. These characters indicate a high degree 
of conservation of specific back splicing events 
and these two distinct species are evolution-
arily conserved. For all circRNA types studied to 
date, although only a small fraction of the theo-
retically possible circRNA isoforms from a given 
gene are actually observed, most of them are 
produced across the tree of eukaryotic life [13]. 
CircRNA probably shows an ancient, conserved 
feature of eukaryotic gene expression pro- 
grams.

CircRNAs are stable

CircRNAs either undergo nuclear export or are 
released to the cytoplasm during cell mitosis, 
where they enjoy extraordinary stability, likely 
as a result of resistance to debranching 
enzymes (DBE) and RNA exonucleases (REN) 
(Figure 1B) [4, 11]. Exonic circRNA is very sta-
ble in cells [6], with most species exhibiting a 
half-life over 48 h [3], compared to an average 
half-life of 10 h for mRNAs [14]. However, exon-
ic circRNA is not stable in serum, with a half-life 
of < 15 s, presumably due to circulating RNA 
endonucleases [15]. Possibly due to this stabil-
ity, some exonic circRNAs have been shown to 
be at higher levels than the linear RNA gene 
product [16]. In addition, about 9,000 lariat 
intronic RNAs are stable and occur in oocyte 
cytoplasm [17]. Other studies have reported cir-
cRNA cytoplasmic localization [18-20]. Thus, 
although these features of circRNAs all point to 

the possibility of important functional roles, 
their nature and mechanisms are still to be 
discovered.

Possible functions of circRNA: old tree with 
new flower

CircRNAs represent a novel class of conserved 
endogenous RNAs that regulate gene expres-
sion in mammals. The evolutionary conserva-
tion of circularization usually conceals certain 
important function for a particular circRNA. 

CircRNAs act as miRNA sponge

Animal microRNAs (miRNAs) are a large class of 
noncoding small (~21nt) RNAs that repress 
translation of mRNAs involved in a diverse set 
of biological processes [21]. They directly bind 
to target mRNAs by complementary base pairs 
and can trigger cleavage of mRNAs depending 
on the degree of complementarity. Both artifi-
cial and natural sponge RNAs contain comple-
mentary binding sites to a miRNA of interest. 
Due to a sponge’s binding sites are specific to 
the miRNA seed region, these RNAs can 
“sponge up” miRNAs of a particular family, 
thereby serving as competitive inhibitors that 
suppress the ability of the miRNA to bind its 
mRNA targets [22, 23]. Mammals have thou-
sands of circRNAs with predicted miRNA bind-
ing sites, many of these predicted miRNA bind-
ing sites in circRNAs are functional and under 
similar selective pressure as miRNA binding 
sites in mRNAs [24]. Thus, this phenomenon 
yields a clue that they may function in 
sponging.

For instance, CDR1as/ciRS-7 is encoded in the 
genome antisense to the human CDR1 gene 
locus (namely CDR1as) [2], and targets miR-7 
(namely ciRS-7: circular RNA sponge for miR-7) 
[25]. It was found that there are over 60 miR-7 
binding sites, far more than any known linear 
sponge [2, 25]. Though CDR1as/ciRS-7 can be 
endonucleolytically cleaved by miR-671 in an 
AGO2-dependent manner, it cannot be cleaved 
by miR-7 and AGO2. This is because miRNA 
cleavage activity depends on complementarity 
beyond the 12th nucleotide position, while none 
of miR-7’s binding sites meet this requirement. 
To silence miR-7 expression in zebrafish which 
do not have the CDR1 locus in their genome, 
Memczak and colleagues took advantage of a 
tool called morpholino, which can base-pair 
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and sequester target molecules [26]. In- 
terestingly, morpholino treatment had the 
same severe effect on midbrain development 
as ectopically expressing ciRS-7 in zebrafish 
brains using injected plasmids [2]. This indi-
cates a significant interaction between ciRS-7 
and miR-7 in vivo.

Another notable circular miRNA sponge is sex-
determining region Y (SRY). SRY is highly 
expressed in murine testes and generates a 
circRNA that contains 16 miR-138 binding 
sites, functions as a miR-138 sponge [5, 25]. In 
the genome, SRY is flanked by long inverted 
repeats (IRs) over 15.5 kb in length. When one 
or both of the IRs are deleted, circularization 
does not occur [18]. This finding introduces the 
idea of inverted repeats enabling circulariza-
tion. So far, circRNA sponges have been char-

acterized with the high expression levels and a 
large number of miRNA binding sites (Figure 
2A). They are likely to be more effective spong-
es than those that are linear [7]. Currently, the 
sponging activity is the main function of some 
circRNAs.

CircRNAs regulate linear RNA transcription 
and protein production

Though recent attention has been focused on 
the sponge functions of circRNAs, researchers 
are considering several other functional possi-
bilities as well. Besides regulating miRNAs, cir-
cRNAs may bind and sequester RNA-binding 
proteins (RBPs) or even base-pair with RNAs 
besides miRNAs, resulting in the formation of 
large RNA-protein complexes (RPCs) [7]. These 
RPCs can regulate the pool of RBPs or small 

Figure 2. Models of circRNA-mediated gene expression regulation. A. CircRNA functions as a miRNA inhibitor. B. 
CircRNA binds to RNA-binding protein (RBP) to form RNA-protein complex (RPC) and then interacts with the linear 
transcript of gene. C. The synthetic circRNA that contains an internal ribosome entry site (IRES) can be translated 
into a protein product in vitro.
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RNAs capable of interacting with the canonical 
linear RNA counterpart (Figure 2B) [4, 27]. 
Other circRNAs may encode proteins with func-
tions distinct from those of their canonical 
counterparts. Although the tested circRNA is a 
purely artificial construct, the synthetic circRNA 
that contains an internal ribosome entry site 
(IRES) can be efficiently translated (Figure 2C) 
[28]. As even linear mRNAs are thought to circu-
larize during translation through protein-protein 
interactions between factors binding the 5’ and 
3’ ends of the mRNA, RNA circularization, 
whether by direct covalent bonds or non-cova-
lent means such as protein bridging or Watson-
Crick base pairing, may be much more common 
than is currently appreciated [29]. The discov-
ery of such a large class of previously unknown 
circRNAs also raises the question of what other 
RNAs might have been missed. Considering 
that RNA structural elements, such as triple 
helices, efficiently prevent degradation from 
RNA termini [30], it is becoming clear that cir-
cRNAs likely have key regulatory functions in 
RNA transcription and protein production. 
CircRNAs and cancer: common molecules 
with huge potentials

Since the Nature paper firstly ascribed an actu-
al function to one of these circRNA molecules 
[2], the potential of circRNA has elevated the 
scientific community’s consciousness [31]. 
Though circRNAs are old molecules, the huge 

therapeutic potentials of circRNAs are recently 
being discovered from the laboratory to the 
clinic (Figure 3). 

CircRNAs associate with cancer-related miR-
NAs

The fact that circRNAs are targeted by endoge-
nous miRNAs was discovered by Hansen et al 
[25]. It has recently come to light that these cir-
cRNAs play critical roles in fine-tuning the level 
of miRNA-mediated regulation of gene expres-
sion by sequestering the miRNAs. After a mea-
sure for the likelihood of a circRNA to be associ-
ated with a disease in terms of the statistical 
significance of the circRNA’s interaction with 
miRNAs associated with the concerned dis-
ease, Ghosal et al. further performed the Gene 
ontology (GO) enrichment analysis on the set of 
protein coding genes in the miRNA-circRNA 
interactome of diseases to check the enrich-
ment of genes associated with particular bio-
logical processes. They found such enrichment 
for biological processes for mRNAs in 90 dis-
eases. Among these mRNAs, there are 22 
genes in response to light stimulus and 43 cell 
cycle-related genes associated with breast 
cancer. 194 and 68 genes involved in different 
biological processed associate with cervical 
cancer and gastric cancer respectively. In addi-
tion, they also found that 12 genes in response 
to DNA damage stimulus associate with oral 
carcinoma [32]. This is the first report that 

Figure 3. CircRNAs involvement in cancer: from bench to clinic. At the cell level, the specific circRNA and its role 
in function are discovered and identified. In the in vivo experiment, the transgenic mouse is created and then the 
specific circRNA is delivered to this animal model to analyze the changes in phenotype. Prior to the clinic trial, the 
functional target circRNA is screened from cancer patient. The targeted therapy can be used in humans by deliver-
ing the therapeutic circRNA to various cancer patients. 
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reveals the global view of the potential associa-
tion of circRNAs with cancer based on a com-
prehensive data analysis. However, the direct 
circRNA:miRNA association needs more biolog-
ical evidences. 

CircRNA-miRNA axes regulate cancer-related 
pathways

The newly identified ciRS-7, as a circular miR-7 
inhibitor, harbors more than 60 conventional 
miR-7 binding sites. To uncover the important 
role of ciRS-7 in cancers, the regulatory net-
work in which miR-7 participates must be defi-
nitely considered. Up to date, the increasing 
evidences involve miR-7 in a lot of pathways 
since miR-7 directly down-regulates major 
oncogenic factors in cancer-related signaling 
pathways including EGFR [33], IRS-1 [33], IRS-2 
[33], Raf1 [34], Pak1 [35], Ack1 [36], PA28 
gama [37], YY1 [38], IGF1R [39], PIK3CD and 
mTOR [40], suggesting a distinct tumor sup-
pressive role of miR-7. Additionally, miR-7 indi-
rectly up-regulates E-cadherin by targeting 
IGF1R [39, 41] and FAK [42, 43], resulting in 
lessened epithelial to mesenchymal transition 
(EMT), decreased anchorage-independent 
growth and suppression of metastasis. 

In spite of the tumor suppressive role of miR-7, 
the adverse effect has also been investigated. 
As an example, lung carcinomas and poor  
prognosis was found to be associated with 
miR-7 overexpression [44]. In this work, the 
authors also showed that tumor volume in  
nude mice increased significantly with a con-
comitant decrease in survival rate when in- 
jected with CL1-5 cells expressing miR-7 artifi-
cially. Furthermore, inhibition of miR-7 caused 
decreased proliferation and increased apopto-
sis in human caner cells [45], indicating that 
high miR-7 expression is not necessarily benefi-
cial in terms of inhibiting carcinogenesis. 
Together, these apparently contradictory func-
tions of miR-7 may well be explained by an 
ambiguous role of miR-7 in regulation of the 
complex networks of oncogenes and tumor 
suppressors resulting in a cancer type (and per-
haps ciRS-7) dependent outcome.

Human ciRS-7 is highly and widely associated 
with AGO proteins in a miR-7-dependent man-
ner. Although the circRNA is completely resis-
tant to miRNA-mediated target destabilization, 
it strongly suppresses miR-7 activity, resulting 

in increased levels of miR-7 targets [25]. 
Mechanically, considering the high miR-7 and 
ciRS-7 expression in brain, a considerable 
amount of RNA-induced silencing complexes 
(RISC) would be tethered by miR-7 to the circu-
lar RNA. Thus, the abundant miR-7/ciRS-7 asso-
ciation may significantly affect the cellular pool 
of available RISC components. Consequently, 
miRNA activity and regulation by miRNAs in 
general would be less pronounced in miR-7/
ciRS-7-expressing tissues [2, 46]. Together, 
miR-7 is closely coupled to ciRS-7 and fine-tun-
ing of the miR-7/miR-671/ciRS-7 axis will likely 
play profound roles in cancer-associated bio-
logical processes.  

CircRNAs exhibit potential anti-cancer effects

If circular sponge activity can indeed help in 
countering harmful miRNA activity, we need to 
figure out the best way to introduce sponge 
expression in vivo, probably via a transgene. It 
is also important to consider how transgene 
can be expressed only in specific location of 
the cell or tissue, or expressed only when 
induced [22]. CircRNA can be produced both in 
vitro and in vivo using two methodologies. The 
first makes use of ligase to ligate both ends of 
the linear form of RNA transcripts [47, 48], 
while the second uses a spontaneous group I 
intron self-splicing system, designated as the 
permuted intron-exon (PIE) method [49]. The 
latter technique is the only methodology avail-
able for in vivo circRNA production because it 
has no requirement for proteinaceous compo-
nents, such as ligases [50]. Therefore, the PIE 
method is a promising economical methodolo-
gy for producing circRNA drugs. 

The circularized miRNA sponges displayed 
superior anti-cancer activities compared to the 
linear sponges in malignant melanoma cell 
lines. As an alternative to the use of the vectors 
expressing linear sponges, the use of the 
expression vector for RNA circles opens new 
way to deliver miRNA sponges with persistent 
effects [51]. Circular sponges may be optimized 
with tough decoy RNAs to further strengthen 
the suppression of miRNA activity in cell lines. 
Addition of more miRNA binding sites may infi-
nitely increase the potency of the circular 
sponges [52, 53]. The availability of circulariz-
ing the miRNA sponge in cells is a candidate for 
a new methodology for RNA-based cancer 
therapy. 
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Since certain circRNA has many binding sites 
for a specific miRNA, it is more effective than 
typical miRNA inhibitors. With the new discov-
ery of miRNA management by naturally occur-
ring circRNAs, RNA circles may prove to be well-
suited carriers of decoy-type miRNA inhibitors 
as the second-generation miRNA inhibitor [52]. 
Such synthetic circRNA inhibitors might be 
future targets for therapies and soon appear as 
new therapeutic strategies in cancers.

Future perspectives

For the recently identified circRNA, both 
CDR1as and ciRS-7 refer the same circular RNA 
molecule. “CDR1as” assumes that circRNAs 
will bear some relationship to a named gene-in 
this case, an antisense sequence to the cere-
bellar degeneration-related gene. While “ciRS-
7” denotes binding to miR-7, and therefore 
assumes that other circRNAs in this category 
will also neatly align with a single miRNA. With 
the discovery of numerous circRNAs, a better 
naming system for circRNAs is extremely need-
ed. Based on the naming rules for miRNAs, we 
strongly suggest that this first one of circRNAs 
is called circR-1. As miRNA sponges, circRNAs 
have contributed to maintaining each of the 
roughly 21-nt miRNAs unchanged over major 
parts of evolution. The selection pressure on 
each miRNA nucleotide is undoubtedly high. 
Despite the enormous number of possible 
miRNA sequences, the small amount of change 
in miRNAs implies that the remaining evolution-
ary space for innovation is limited. Possibly the 
hairpin-shaped miRNA precursors could work 
as potential regulators and fit into a lot of 
genomic noncoding sequences, including cir-
cRNAs, could act as a mover of evolution [54].

The current methods to detect and character-
ize circRNAs are still limited and challengeable 
[55, 56]. The emerging roles of the highly com-
plex network of ceRNAs, which communicate 
via miRNA and the overwhelming number of 
identified circRNA structures prompts for excit-
ing new avenues of research to uncover the full 
biologic functions of these ncRNAs in cellular 
regulation and human disease. The clinical trial 
treating human diseases with synthetic miRNA 
inhibitors is already in phase 2a [57]. Like these 
small RNA-based drugs (e.g. miRNAs), such cir-
cRNA molecules face multiple delivery chal-
lenges such as lack of targeted delivery in can-
cer targeted therapy [58]. As a novel strategy 

for miRNA suppression by using circRNAs, the 
biological complexity and the clinical applicabil-
ity of circRNAs needs to be further unraveled.
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