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Roles of circular RNA in breast cancer:
present and future
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Abstract: Breast cancer is one of the most common cancers with the highest morbidity and mortality among women
despite the treatment approaches have advanced including surgery, endocrine therapy and targeted therapy. Novel
biomarkers are warranted to be discovered for the early detection, treatment and prognosis for breast cancer.
CircRNA is a class of covalently closed single-stranded circular RNA molecules without free 5’ or 3’ end which makes
them well expressed and more stable than their linear counterparts. In this review, we mainly discuss the oncogenic
or anti-oncogenic roles of circRNAs can be utilized in the treatment and prognosis of breast cancer. A large number
of circRNAs have shown great potential to function in carcinogenesis, metastasis or chemoresistance of breast
cancer through transcriptional regulation of RNAs including miRNA and mRNA, in addition to their promise as stable
biomarkers that can be used for monitoring breast cancer progression. However, the translation phenomenon of
circRNAs in breast cancer and the diagnostic value of circRNAs in breast cancer requires further investigation for
which the detection of circRNAs in plasma exosomes could be worthy of a try. Above all, engineered exosomes pre-
loaded with engineered anti-oncogenic circRNAs are likely to provide a novel direction in the personal medicine of

breast cancer.
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Background

Breast cancer (BC) is a globally common can-
cer which is the most frequently diagnosed
cancer in the vast majority of the countries
and the leading cause of cancer death among
females in over 100 countries [1]. According to
the newly data from Global Cancer Statistics
2018, over 2 million females are newly diag-
nosed with BC (24.2% of the total cases) and
more than 60 thousand deaths are caused by
BC (15.0%). In addition, incidence rates for BC
have been rising in the last decade and have
far exceeded those for other cancers in both
developed and developing countries. Despite
the surgery, endocrine therapy and targeted
therapy, the morbidity and mortality of BC
remain highest in female patients. Novel bio-
markers are warranted to be discovered for the
early detection, treatment and prognosis for
BC.

Circular RNAs (circRNAs) were discovered in
plants and shown to encode subviral agents
[2]. It is a class of covalently closed single-

stranded circular RNA molecules formed by
back-splicing. CircRNA can escape exonucleic
acid degrading enzymes due to lack of a free
5’ or 3’ end which makes them well expressed
and more stable than their linear counterparts.
Alternative circularization coupled with alterna-
tive splicing can produce a variety of additional
circRNAs from one gene, making such molecul-
es have enriched sequences in conserved nu-
cleotides [3]. There are basically four types of
circRNAs including exon circRNAs (ecircRNAs),
circular intronic RNAs (ciRNAs), exon-intron cir-
cRNAs (EIciRNAs), intergenic circRNAs or fusion
circRNAs (f-circRNAs), which means they derive
often but not always from coding exons [4-71].

A vast number of circRNAs have been discov-
ered in a variety of cancers and they are acti-
vated in either inhibiting tumor progression or
promoting tumorigenesis. On one hand, circ-
PTK2 inhibits TGF-B-induced epithelial mesen-
chymal transition (EMT) and metastasis by con-
trolling TIFly in non-small cell lung cancer
(NSCLC) [8]. Circ-MTO1 inhibits Hepatocellular
Carcinoma (HCC) progression [9]. Circ-LARP4
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suppress cell proliferation and invasion of gas-
tric cancer by sponging miR-424-5p and regu-
lating LATS1 expression [10]. Circ-FBXW?7 in re-
presses glioma tumorigenesis and its expres-
sion positively associated with glioblastoma
patient overall survival [11]. Circ-ITCH inhibits
bladder cancer progression by sponging miR-
17/miR-224 and regulating p21, PTEN expres-
sion [12]. On the other hand, circRNA PRMT5
promotes metastasis of urothelial carcinoma of
the bladder through sponging miR-30 c¢ to
induce epithelial - mesenchymal transition [13].
Circ-CCDC66 promotes colon cancer growth
and metastasis [14]. In addition to solid tumor,
circRNAs are also found in hematologic malig-
nancies like acute myeloid leukemia [15]. Mo-
reover, discovery of Kaposi's sarcoma herpesvi-
rus-encoded circular RNAs and a human antivi-
ral circular RNA further indicate the prominent
and extensive potential of circRNAs in malig-
nancies [16].

Main functions of circRNA

CircRNAs can exert various functions according
to their parental genes [17], herein we mainly
discuss the functions of circRNAs as miRNA
sponges, in regulation of parental genes and
translation.

miRNA sponges

MicroRNAs (miRNAs) are important post-tran-
scriptional regulators of gene expression that
acts by direct base pairing to target sites with-
in untranslated regions of messenger RNAs. In
the recent decade, miRNA activity has been
proved to be affected by miRNA sponge tran-
scripts, as known as competing endogenous
RNA (ceRNA). circRNA contains selectively con-
served miRNA target sites that can strongly
suppresses MiRNA activity, resulting in sup-
pressed effects of miRNAs [18]. A circRNA can
serves as a sponge for multiple miRNAs. For
instance, circHIPK3 can sponge 9 miRNAs whi-
ch all have been reported to serve as tumor-
suppressive miRNAs and thus regulate cancer
cell growth [19]. So far, a few circRNAs have
been found in BC to serve as miRNA sponges
and the detailed information is listed in Table
1.

Regulation of parental genes

CircRNAs can regulate their parental genes
directly or indirectly. Indirectly, some circRNAs
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regulate parental genes through the ceRNA
mechanism. For instance, circGFRA1 might
function as miR-34a sponge to regulate paren-
tal mRNA GFRA1 expression [20]. Circ-ITCH
regulates ITCH by sponging miR-214 and miR-
17 [21], has-circ-0001098 regulates BARD1 by
sponging miR-3942 [22], hsa_circ_0052112
regulates ZNF83 by sponging miR-125a-5p
[23], hsa_circ_0072995 regulates ARHGEF28
by sponging miR-30c¢c-2-3p [24] and thus im-
pact the expression of their parental mRNAs in
BC. Intriguingly, some circRNA like circ_IRAK3
regulates IRAK3 through a positive-feedback
loop circ_IRAK3/miR-3607/FOXC1/IRAK3 loop
in which the target mRNA FOXC1 binds to the
promotor of parental gene IRAK3 [25]. Directly,
circRNAs can regulate their parental genes in
cis. On one hand, circRNAs like circ_CNOT2
which include the start-codon could potential-
ly influence the expression of the linear gene
because the linear transcript from which the
circRNA was spliced is now forced to use ano-
ther start codon for its translation, which mak-
es some circRNAs negatively correlated with
their parental mRNAs [26]. On the other hand,
EICiRNAs, a kind of circRNAs circularized with
introns ‘retained’ between exons, have been
found predominantly localized in nucleus and
can enhance the expression of their parental
genes in cis by interacting with Pol Il, U1 snRNP
and parental gene promoters [6].

Translation

CircRNAs have been predominantly regarded
as a type of non-coding RNA since the advent
of high-throughput RNA sequencing (RNA-seq).
Most circular RNA like circ-CCDC66 promotes
cancer growth and metastasis through noncod-
ing mechanism [14]. However, a subset of cir-
cRNAs contains an open reading frame and is
translated. Pamudurti et al. verified in Droso-
phila, mouse and rat and showed that a subset
of circRNAs like circ-Mb1 generally share the
start codon with the hosting RNA, encode pro-
teins with specific protein domains, and are
translated in a cap-independent manner [27].
In another study, circ-ZNF609 can also be
translated into a protein in a splicing depen-
dent/cap-independent manner. Driven by inter-
nal ribosome entry site, circ-FBXW7 encodes a
novel protein termed FBXW7-185aa and thus
inhibited proliferation and cell cycle accelera-
tion [11]. Moreover, translation of circRNAs is
likely to be regulated by multiple mechanisms
[28]. For instance, translation of circMbl may
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Table 1. Functional circRNA-miRNA-mRNA axis in breast cancer

CircRNA Parental o nged mMIRNA  Targeted mRNA OPSCIMen  Pairsof o once
gene type specimens

Oncogenic
hsa_circ_0000479 EPSTI1 miR-4753/6809 BCL11A Tissue 37 [37]
hsa_circ_0001783 EBLN3 miR-200c-3p ZEB1/2, ETS1 Tissue 18 [35]
hsa_circ_0001846 UBAP2 miR-661 MTAL Tissue 78 [38]
hsa_circ_0001982 RNF111 miR-143 N/A Tissue 29 [33]
hsa_circ_0005230 DNM30S miR-618 CBX8 Tissue 76 [43]
hsa_circ_0005239 GFRA1 miR-34a GFRA1 Tissue 51 [20]
hsa_circ_0005505 IRAK3 miR-3607 FOXC1 Tissue 35 [25]
hsa_circ_0006528  PRELID2 miR-7-5p Rafl Tissue 20 [45]
hsa_circ_0007294  ANKS1B miR-148a-3p USF1 Tissue 20 [32]

miR-152-3p

hsa_circ_0007534 DDX42 miR-593 MUC19 Tissue 40 [40]
hsa_circ_0008039 PRKAR1B miR-432-5p E2F3 Tissue 38 [36]
hsa_circ_0008717 ABCB10 miR-1271 N/A Tissue 32 [34]
hsa_circ_0011946 SCMH1 N/A RFC3 Tissue 12 [39]
hsa_circ_0052112 ZNF83 miR-125a-5p ZNF83 N/A N/A [23]
hsa_circ_0058514 AGFG1 miR-195-5p CCNE1 Tissue 40 [44]
hsa_circ_0072995 ARHGEF28 miR-30c-2-3p ARHGEF28 N/A N/A [24]

Anti-oncogenic
N/A ITCH miR-214/miR-17 ITCH Tissue 91 [21]
hsa_circ_0000911 IFNGR2 miR-449a Notch1 Tissue 35 [51]
hsa_circ_0001098 BARD1 miR-3942 BARD1 Tissue 15 [22]
hsa_circ_0007874 MTO1 N/A TRAF4/Egh N/A N/A [46]
hsa_circ_0087378 NTRK2 miR-1260b SFRP1 Tissue 23 [52]

be regulated by starvation and FOXO and that
of circ-ZNF609 can be modulated by stress
conditions [27, 28]. Whether circRNAs founded
in breast cancer can be translated remains
unknown.

Regulation of circRNAs biogenesis

CircRNAs were commonly recognized as the
production of back-splicing of pre-mRNA tran-
scripts and can resistance against RNase R. To
the best of our knowledge, biogenesis of cir-
cRNA can be regulated in several mechanisms.
(1) RNA binding protein (RBP): Simon J. Conn
observed that the level of RNA binding protein
Quaking (QKI) is regulated in the EMT and the
QKI can regulate circRNAs in EMT [29]. During
the process, the QKI acts by binding to recogni-
tion elements in the introns that near the cir-
cRNA-forming splice sites. Besides, the inser-
tion of QKI motifs can also induce circRNA for-
mation; (2) Competitive synthesis mediated by
the general splicing factors: The splicing factor
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muscleblind (MBL) can promote circRNA bio-
genesis, which is based on the abundant MBL
binding sites in introns flanking sequence and
that its protein can directly interact with circ-
Mbl and balance its own mRNA and circ-Mbl
production [30]. Moreover, it was found that
once the canonical pre-mRNA processing event
was disturbed it will shift toward circRNA pro-
duction [31]; (3) Positive circRNA/miRNA/mR-
NA loop: Circ_ANKS1B (hsa-circ-0007294) ab-
undantly sponges miR-148a-3p and miR-152-
3p to increase the expression of transcription
factor USF1 while circ-ANKS1B biogenesis in
BC was promoted by splicing factor ESRP1
whose expression was also regulated by USF1
[32]. Similarly, circ-IRAK3 expression can be
enhanced by its targeting mRNA FOXC1 binding
to its parental gene IRAK3 promoter [25]. These
regulation mechanisms of circRNAs may help
us to better understand and utilize the func-
tions of different circRNAs and we believe that
there could be more mechanistic regulation of
circRNA which remain to be discovered.
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Figure 1. CircRNAs that are found activated in BC progression including carcinogenesis, metastasis and chemore-

sistance.

CircRNAs validated in BC

Recently, an increasing number of circRNAs
have been discovered in BC through next-gen-
eration sequencing and circRNA microarray
and have been proven to show potential in diag-
nosis, treatment and prognosis. These circR-
NAs are activated in BC progression including
carcinogenesis, metastasis and chemoresis-
tance (Figure 1).

Carcinogenesis associated circRNAs

Among all the validated aberrantly expressed
circRNAs in BC, the upregulated circRNAs are
more often found to serve as oncogenic cir-
cRNAs or vice versa. For instance, hsa_circ_
0001982 is upregulated in BC and promotes
BC cell carcinogenesis through decreasing miR-
143 (microarray, in vitro) [33]. Similarly, circ_
ABCB10 (hsa_circ_0008717) promotes BC pro-
liferation and progression through sponging
miR-1271 [34]. More convincingly, hsa_circ_
001783 regulates BC progression (in vitro) via
sponging miR-200c¢-3p to regulate ZEB1/2 and
ETS1 and correlated with poor clinical out-
comes in BC patients [35]. Hsa_circ_0008039
depletion significantly suppressed the prolifer-
ation (in vivo), arrested cell-cycle progression
and reduced migration mechanistically as
ceRNA of miR-432-5p which functionally regu-
lated E2F3 [36]. In TNBC, Circ_EPSTI1 (hsa_
circ_000479)-miR-4753/6809-BCL11A axis
was proven to affect the proliferation and apop-
tosis of TNBC (in vivo) also through the mecha-
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nism of ceRNA. In addition, circ_EPSTI1 serve
as an independent prognostic marker for sur-
vival in patients with TNBC [37]. Another in vivo
study showed that upregulation of circ_UBAP2
(hsa_circ_0001846) promotes TNBC progres-
sion through the miR-661/MTA1 pathway (in
vivo) and also predicts poor prognosis [38].
Biomathematical prediction and in vitro experi-
ments manifested downregulation of hsa_
circ_0011946 suppresses the migration and
invasion of the breast cancer cell line MCF-7 by
targeting RFC3 (RNA-seq) [39]. Downregulation
of hsa_circ_0007534, having been proven up-
regulated in CRC and glioma tissue, also sup-
presses BC cell proliferation and invasion by
targeting miR-593/MUC19 axis which is differ-
ent from that in glioma [40-42]. More circRNA
regulation axis have been and are being vali-
dated in vitro, including hsa_circ_0052112/
miR-125a-5p/ZNF83 [23], hsa_circ_0072995/
miR-30c-2-3p/ARHGEF28 (in vitro) [24], hsa_
circ_0005230/miR-618/CBX8 [43] and so on.

Metastasis associated circRNAs

Not only do circRNAs participate in the carcino-
genesis of BC, but also play pivotal roles in
metastasis of BC. Circ_IRAK3 (hsa_circRNA_
0005505) was greatly upregulated in meta-
static BC cells, including brain metastatic ce-
lls, bone metastatic cells and lung metastatic
cells, and is correlated with a high risk of recur-
rence in distant organs and the poor prognosis
of BC patients [25]. Consistently, the knock-
down of circ_IRAK3 can obviously repress BC
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lung metastasis in vivo, and FOXC1 expression
was simultaneously decreased in the BC lung
metastatic lesions. Circ_ANKS1B (hsa_circ_
0007294) abundantly sponges miR-148a-3p
and miR-152-3p to increase the expression of
transcription factor USF1 which can transcrip-
tionally up-regulate TGF-B1 expression, subse-
quently activating TGF-B1/Smad signaling to
promote EMT [32]. Circ_AGFG1 (hsa_circ_00-
58514) acts as a sponge of miR-195-5p to pro-
mote TNBC proliferation, mobility and invasion
as well as tumorigenesis and metastasis thr-
ough regulating CCNE1 expression in vivo [44].
Therefore, circRNA including circ_IRAK3, circ_
ANKS1B and circ_AGFG1 might act as poten-
tial predictors and therapeutic targets for met-
astatic BC.

Chemoresistance associated circRNAs

A few studies which analyzed the expression
of circRNAs in chemoresistant breast cancer
revealed that circRNAs may play a role in either
promoting or reversing BC chemoresistance.
Hsa_circ_0006528 was identified as upregu-
lated in Adriamycin (ADM) resistant MCF-7 and
MDA-MB-231 cells and validated in ADM-re-
sistant tissues. Bioinformatic and correlation
analysis showed that circ_0006528/miR-7-5p/
Rafl might be an active axis participating in
chemotherapeutic resistance in BC, which re-
quires further verification and functional analy-
sis [45]. Circ_MTO1 (hsa_circ_0007874), do-
wnregulated in monastrol resistant cell lines
(MCF-7R and MDA-MB-231R), can suppress BC
cell viability and promote monastrol-induced
cytotoxicity through regulating the TRAF4/Eg5
axis by targeting Egb protein and sequestering
TRAF4 from binding to Eg5 gene [46]. Still, our
knowledge of the role of circRNAs in chemo-
therapeutic resistance is far limited due to the
lack of deep mechanistic investigations and in
vivo studies. Whether circRNAs could be a
future direction to overcome BC chemoresis-
tance requires further exploration.

Anti-oncogenic circRNAs

In previous studies, most circRNAs proven do-
wnregulated in BC play anti-oncogenic roles in
BC progression via ceRNA mechanisms. Circ-
ITCH is a renowned anti-oncogenic circRNA
involved in cancer progression and it is mark-
edly down-regulated in esophageal squamous
cell carcinoma [47], colorectal cancer [48], lung
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cancer [49], glioma [50] and bladder cancer
[12]. Similarly, Circ-ITCH can regulate TNBC pro-
gression suppresses TNBC growth and metas-
tasis in vivo by up-regulating the expression of
its parental gene ITCH through sponging miR-
214 and miR-17, and thereby activating Wnt/3-
catenin pathway [21]. Hsa_circ_000911 exerts
its anti-oncogenic function by sponging miR-
449a and thereby elevating the expression of
Notch1 and promoting the function of the NF-
kB signaling pathway [51]. Hsa_circ_0087378
was also validated to be downregulated in
ER-positive BC. Bioinformatic and correlation
analysis showed that hsa_circ_0087378/miR-
1260b/SFRP1 axis was proposed to be a key
regulatory pathway [52]. Zhao et al. found an
up-regulated anti-oncogenic circRNA Circ_
BARD1 (hsa_circ_0001098) which is induced
by TCDD treatment in BC cells. Also, circ_
BARD1 can inhibit cell proliferation, block cell
cycle, enhance apoptosis and restrain tumor
growth in vivo via miR-3942/BARD1 axis [22].
Some circRNAs suppress BC progression thr-
ough breast cancer stem cells (BCSCs). BCSCs
have capacities including self-renewal and plu-
ripotency, which are considered as the cause of
treatment failure and are liable for metastatic
dissemination. Yan et al. discovered a list of
aberrantly expressed circRNAs in BCSCs and
matched non-BCSCs and validated that loss of
circ_VRK1 can enhance BCSCs’ expansion ca-
pacities [53]. Together, anti-oncogenic circR-
NAs may serve as a promising therapeutic tar-
get for patients with BC and provide a future
direction in the development of a novel treat-
ment strategy for BC.

All these circRNAs involved in BC progression
were corroborated to act as miRNA sponge to
regulate their target gene. However, rarely has
research further investigate the deeper me-
chanisms in the regulation of these circRNAs.
Although some circRNAs are common in sever-
al cancers such as circ_ITCH [12, 21, 47, 49],
hsa_circ_0007534 [40, 42], hsa_circRNA_0O-
02908 hsa_circRNA_0000950 and so on [54],
few of these circRNAs has been proven specific
in BC instead of other malignancies. Moreover,
a clinical trial on the diagnostic value of circRNA
in cardiac disease is ongoing (https://clinicaltri-
als.gov/ct2/show/NCT03170830?term=circR
NA&rank=1), which indicates whether circRNA
could serve as diagnostic biomarker for BC
should also be taken in to consideration. In
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Figure 2. Engineered exosomes preloaded with engineered circRNAs may serve as a therapeutic option for BC. The

formation and secretion of circRNAs.

addition, circRNAs involving complex backgr-
ound of BC like hypoxic environment are rarely
discovered except for HIFla-associated circ_
DENND4C which promotes proliferation of BC
cells [55]. Together, more researches are war-
ranted to find more BC-associated and BC-
specific circRNAs and further investigate the
mechanisms behind the regulation of circRNA.

Future exploration
Mystery of F-circRNA

It has been well-established that cancer-asso-
ciated chromosomal translocations give rise to
fusion proteins [56, 57]. Similarly, fusion-cir-
cRNAs (f-circRNAs) are produced from transc-
ribed exons of distinct genes affected by aber-
rant chromosomal translocations. Some f-cir-
cRNAs, like f-circM9 (MLL/AF9) and f-circEA-2a
(EML4/ALK) have been proven to be oncogenic
circRNAs that not only contribute to cellular
transformation and promote cell viability but
also confer resistance to therapy and have
tumor-promoting properties in models of leu-
kemia and lung cancer respectively [5, 58].
Apparently, our knowledge of f-circRNAs is lim-
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ited. Do f-circRNAs all play oncogenic roles in
cancer? How about the expression and func-
tions of f-circRNAs in breast cancer? Whether
engineered f-circRNAs with pivotal anti-onco-
genic nucleic acid fragments can be synthe-
sized and serve as innovative treatment meth-
od? More evidences are warranted to further
elucidate the role of f-circRNAs.

Detection of circRNA in BC plasma exosome

Most circRNAs are detected in cell of tissue
RNA sample in previous studies on BC, but few
is done in plasma (Table 1). Detection of cir-
cRNA in BC plasma exosome is worthy of trying.
Exosomes are 30-100 nm sized microvesicles
secreted by most cells, containing a variety of
functional proteins and RNAs and have been
found in both the blood of healthy individuals
and patients with malignancies. Exosomes can
be isolated from the blood through various
methods, including chemical binding, immuno-
affinity capture and differential ultracentrifuga-
tion and serve as biomarkers for diagnosis
and the monitoring of tumour progression [59].
Over 58 330 circRNAs, 15 501 IncRNAs and 18
333 mRNAs have been identified in exosomes
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with expression level and possible original tis-
sue [60]. More than 1,000 circRNAs were iden-
tified in human serum exosomes, including circ-
KLDHC10 identified in serum of CRC patient,
which means circRNAs originated from cancer
could enter the circulation and be readily mea-
sured in the serum [61] Circ-PDE8SA was first
identified in liver-metastatic pancreatic cells
and furtherly analyzed in exosome. Exosome
circRNA secreted from adipocytes like circ-deu-
biquitination promotes the growth of HCC [62].
Intriguingly, exosomal circRNA derived from tu-
mor like ciRS-133 can promote white adipose
browning. However, there are 12,316 IncRNAs
and 17,202 mRNAs but no circRNAs yet having
been identified in exosomes in BC (www.exor-
base.org). Whether exosome circRNA also exist
in serum of BC patients? Do adipocytes secrete
circRNA and thus regulate the progress of BC?
More relevant investigations are warranted to
elucidate these questions to further confirm
whether the innovation of cancer exosomal cir-
cRNA-based diagnostic routines can be applied
in the clinic for BC. Since engineered exosomes
can be therapeutic options for BC [59], wheth-
er engineered exosomes preloaded with engi-
neered anti-oncogenic circRNAs would potenti-
ate a route towards the development of person-
alized medicine for BC is worthy of exploration
(Figure 2).

Conclusions

In summary, a large number of circRNAs, in-
cluding circ_ANKS1B, circ_AGFG1, circ_IRAK3,
circ_GFRA1 and circ_EPSTI1, show great po-
tential to function in carcinogenesis, metasta-
sis or chemoresistance of breast cancer via
transcriptional regulation of RNAs including mi-
RNA and mRNA, in addition to their promise as
stable biomarkers that can be used for moni-
toring breast cancer progression. The oncogen-
ic or anti-oncogenic roles of circRNAs can be
utilized in the treatment and prognosis of br-
east cancer. However, the translation phenom-
enon of circRNAs in breast cancer and the di-
agnostic value of circRNAs in breast cancer
requires further investigation for which the de-
tection of circRNAs in plasma exosomes could
be worthy of trying. Moreover, engineered exo-
somes preloaded with engineered anti-onco-
genic circRNAs may are likely to provide a novel
direction in the personal medicine of breast
cancer.
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