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Abstract
Circular RNAs (circRNAs) are a type of recently discovered noncoding RNA. They exert their biological functions by
competitively binding to microRNAs (miRNAs) as miRNA sponges, promoting gene transcription and participating
in the regulation of selective splicing, interacting with proteins and being translated into proteins. Exosomes are
derived from intracavitary vesicles (ILVs), which are formed by the inward budding of multivesicular bodies (MVBs),
and exosome release plays a pivotal role in intercellular communication. Accumulating evidence indicates that
circRNAs in exosomes are associated with solid tumor invasion and metastasis. Additionally, emerging studies in the
last 1 ~ 2 years have revealed that exosomal circRNA also have effect on hematological malignancies. In this review,
we outline the properties and biological functions of circRNAs and exosomes. In particular, we summarize in detail the
mechanism and roles of exosomal circRNAs and highlight their application as novel biomarkers in malignant tumors.
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Introduction
Circular RNAs (circRNAs) are single stranded, covalently closed RNA molecules produced by the backsplicing process of pre-mRNAs, and were initially
considered as splicing-related noises [1]. Nevertheless,
recent researches have revealed that circRNAs may be
closely related to microRNA (miRNA) inhibition, epithelial-mesenchymal transition (EMT), and tumorigenesis
[2–4]. Exosomes are closely associated with circRNAs
and have attracted more and more scholars’ attention
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in recent years. They were nanoscale membrane vesicles that were generated by most types of cells, which
can convey information in the tumor microenvironment
by transferring cargos such as DNA, RNA, proteins and
lipids, therefore they are critical to tumor progression
[5]. In the past few years, the roles of long noncoding
RNAs (LncRNAs) and miRNAs derived from exosome of
tumors have been extensively studied [6, 7], but exosomal
circRNA has attracted increasing attention since it was
first discovered in exosomes in 2015. As such, in the current review, we summarize the generation and biological
functions of circRNAs and exosomes, analyze the mechanism of exosomal circRNAs in a wide variety of malignant tumors including solid cancers and hematological
malignancies, and highlight their promising potential not
only as diagnostic molecular markers but also as therapeutic targets.
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The properties and biological functions of circRNAs

CircRNAs were first demonstrated in RNA viruses in
1976 and subsequently discovered in the cytoplasm of
eukaryotic cells and yeast [8, 9]. However, little attention has been given to exploring the value of circRNAs,
as these RNAs were previously thought to be redundant
products of faulty splicing [10]. With the development
of newly rising bioinformatics methods and technologies, the importance of circRNAs has been gradually
recognized. Subsequently, researchers have begun to
determine the characteristics, biogenesis and function of
circRNAs. CircRNAs, a new type of endogenous noncoding RNA (ncRNA), are described as covalent closed-loop
structure without 5’ caps and 3’ poly (A) tails. In most
cases, circRNAs are produced by back splicing of precursor messenger RNA (pre-mRNA), in which the downstream 5’-splicing donor is connected to the upstream
3’-splicing receptor by a 3’-5’-phosphodiester bond [11].
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According to their composition, circRNAs are mainly
classified into three categories: exon circRNAs (ecircRNAs), intron circRNAs (ciRNAs), and exon–intron
circRNAs (EIciRNAs). Moreover, circRNAs have the following characteristics: (1) They are very stable and difficult to degrade with RNase R [12, 13]. (2) Their sequence
is conservative to a certain extent [14]. (3) Most circRNAs are located in the cytoplasm and some are enriched
in exosomes [15, 16]. (4) Most circRNAs belong to ncRNAs and are produced by exons [17]. (5) Through a selective mechanism, a single gene locus can be translated and
cycled into multiple circRNAs [17].
In addition, several potential functions of circRNAs
have been reported: (1) CircRNAs competitively bind to
miRNAs as endogenous competitive RNAs (ceRNAs),
known as miRNA sponges (Fig. 1a). CircRNAs bind to
the corresponding miRNAs via their complementary
sequences, thereby regulating downstream target gene

Fig. 1 Biological functions of circular RNAs (circRNAs). a CircRNAs competitively bind to microRNAs (miRNAs) as miRNA sponge. b CircRNAs
promote gene transcription and participate in the regulation of selective splicing. c CircRNAs interact with proteins. d CircRNAs translated into
proteins
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expression which is inhibited by miRNAs [18]. For example, Cirs-7 is derived from a highly conserved single
exon, also known as antisense transcription of cerebellar degeneration-related protein 1 (CDR1as), which can
regulate miR-7 through adsorption, thus reducing the
inhibition of miR-7 on its target [19]. (2) CircRNAs promote gene transcription and participate in the regulation
of selective splicing (Fig. 1b). CiRNAs are derived from
introns and cannot act as sponges to absorb miRNA due
to their limited number of binding sites. However, ciRNAs can enhance the expression of parental genes by
regulating RNA polymerase II (RNA Pol II) [20]. EIciRNAs form the EIciRNA-U1 snRNP complex by binding
to U1 small nuclear RNA (snRNA), promoting the transcription of their parent genes [21]. (3) CircRNAs can
also interact with proteins (Fig. 1c). CircDnmt1 promotes
nuclear translation by interacting with P53 and AUF1,
leading to autophagy or reduced instability of target
mRNA [22]. In addition, Memczak et al. confirmed that
circRNA CDR1as can bind closely with AGO [18]. (4)
As illustrated in Fig. 1d, some scholars also have found
that circRNAs contain an open reading frame and can be
translated into a polypeptide or protein [23]. CircRNAs
that contain an internal ribosomal entry site (IRES) can
cause ribosomal recruitment and translation initiation,
while circRNAs lacking IRES cannot encode proteins
[24].
The properties and biological functions of exosome

Exosomes were firstly discovered and characterized by
Harding et al. and Johnstone in 1983 [25–28]. Exosomes
are defined as nanoscale phospholipid double-membrane-bound vesicles that are secreted by miscellaneous
types of cells into interstitial and body fluids, including,
cerebrospinal fluid (CSF), urine, blood, breast milk, and
saliva [29, 30]. Exosomes are 30–100 nm in diameter
and have a variety of specific surface molecular markers, such as CD81, CD9, and CD63 [31]. The formation
of exosomes has four stages: initiation, endocytosis, multivesicular body (MVB) formation and exosome secretion [32] (Fig. 2). Moreover, the biogenesis of exosomes
involves a series of molecular mechanisms, the most
important of which is the endosomal sorting complexes
required for transport (ESCRT) mechanism, which is the
driving factor for membrane formation and shedding
[30, 33]. ESCRT complexes consist of ESCRT-0, -I, -II
and -III. ESCRT-0 activates the MVB pathway and recognizes ubiquitinated proteins. ESCRT-I and ESCRT-II
have contractile effects on the sprouting neck of vesicles.
ESCRT-III is associated with membrane budding and
vesicle shedding [34–36]. In addition, exosome secretion
is regulated by different molecules; for instance, the RAB
GTPase protein (e.g., RAB27A/B, RAB35 and RAB11)
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plays an important role in regulating intracellular vesicle transport, such as vesicle budding and movement
through cytoskeletal interactions [37, 38]. Exosomes
contain a variety of DNA, RNA and proteins [39]. RNAs
in exosomes include mRNAs, miRNAs, LncRNAs, etc.
Proteins in exosomes are divided into two categories: (1)
structural proteins, such as cytoskeletal proteins, membrane transporters, Hsp70 and its molecular chaperones,
signaling proteins and cytoplasmic enzymes; (2) secreted
cell-specific proteins. For example, tumor-derived
exosomes often contain TGF-antigens and tumor antigens [40, 41]. Exosomes from antigen-presenting cells
(APCs) were detected to have some typical molecules
of APCs, such as major histocompatibility complex-I
(MHC-I) [42]. Studies have demonstrated that exosomes
are involved in a variety of physiological and pathological processes, such as antigen presentation, angiogenesis,
cell differentiation, tumor cell migration and invasion
and so forth [43]. Interestingly, researchers have found
that tumor cells secrete approximately 10 times as many
exosomes as normal cells [44], and that cancer cells
exosomes have precise targeting mechanisms, suggesting
that exosomes may provide a method of cell communication and play a prominent role in tumor formation and
progression [45].
Discovery of exosomal circRNAs in solid cancers

Based on the biological characteristics of circRNAs and
exosomes, more and more evidence has shown that circRNAs derived from exosomes, especially tumor cellderived exosomes, may exert a significant biological
function in different pathological and physiological processes. Li and her colleagues confirmed in 2015 that there
are a huge number of stable circRNAs in exosomes [16].
The half-life time of most circRNAs are more than 48 h,
while linear RNA molecules have a half-life of 20 h [12].
The reason why circRNAs have a pretty long half-life is
because they are covalently closed and lack a 3’ poly A
tail or a 5’ cap. Therefore, circRNAs are resistant to the
degradation by exonuclease [4, 18]. Due to above features,
circRNAs are more stable and accumulate at higher levels
in cells than linear transcripts, even though linear RNAs
are generated at a significantly higher rate than circRNAs
[46]. In addition, Dou et al. evidenced that circRNAs are
more abundant in exosomes than in cells and that the
expression of circRNAs varies with the mutation status of
KRAS (a proto-oncogene) [47]. The biological functions
of exosomal circRNAs have not been fully elucidated, and
an increasing number of studies have focused on exosomal circRNAs. New studies have shown that exosomes
from tumor cells or other cells (such as fat cells and activated human platelets) can deliver biological information
to their specific cells, achieving phenotypic changes that
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Fig. 2 ESCRT complexes play an important role in exosome formation and secretion. Exosomes are derived from intracavitary vesicles (ILVs) that
are formed by the inward budding of multivesicular bodies (MVBs), which are generated in the early to late stage of endosomal maturation. MVBs
can not only fuse with lysosomes resulting in degradation of the contents, but also can fuse with plasma membranes, release exosomes into the
extracellular space and facilitate intercellular communication

promote cancer invasion and metastasis [48]. For example, exosomal circ-PDE8A has been showed association
with tumor progression and lymphatic invasion in pancreatic ductal adenocarcinoma (PDAC) via the miR338/
MACC1/MET pathway [49]. In addition, exosomal circRNA has been observed to promote white fat browning
by targeting the miR-133/PRDM16 pathway [50], which
provides a new perspective for our fundamental understanding of cancer-related cachexia.

development of various cancers, which including tumor
proliferation, migration, invasion, etc. [51]. At present,
exosomal circRNAs may regulate solid tumors through
a variety of different mechanisms (Table 1): 1) Exosomal
circRNAs act as miRNA sponges. 2) Exosomal circRNAs
interact with proteins. 3) Possibility of exosomal circRNAs
being translated into proteins. Among these mechanisms,
miRNA sponge is the most common one, which regulates
the expression of target genes by regulating miRNA.

Mechanism and roles of exosomal circRNAs in solid cancers

Exosomal circRNAs act as miRNA sponges
CircRNA_100284

With an increasing number of exosomal circRNAs have
been discovered and identified, there is increasing evidence that exosomal circRNAs play a key role in the

Arsenic is a toxic metal and long-term exposure can lead
to tumor formation in the lungs, skin and bladder [66,
67]. Recently, Dai et al. found that arsenic exposure was
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Table 1 Mechanism and roles of exosomal circular RNA in solid cancers
Circular RNA

Expression Tumor types
of circRNA

miRNA, RBP

Downstream
pathways

Biological functions

References

CircRNA_100284

up

hepatocellular carcinoma

miR-217

EZH2 and CyclinD1

Cell proliferation

[52]

Circ-DB (has_
circ_0025129)

up

hepatocellular carcinoma

miR-34a

USP7/Cyclin A2

Tumor growth and
metastasis

[53]

CircPTGR1

up

hepatocellular carcinoma

miR-449a

MET

Disrupt tumor
microenvironmental
homeostasis and
promote metastasis

[54]

Circ-0000284

up

cholangiocarcinoma

miR-637

LY6E

Proliferation, migration, invasion

[55]

Circ-PDE8A

up

pancreatic ductal
adenocarcinoma

miR-338

MACC1/MET/ERK or
AKT pathway

Invasive growth

[49]

Circ-IARS

up

pancreatic cancer

miR-122

RhoA activity/ F-actin/
ZO-1

Vascular endothelial
permeability and
tumor metastasis

[56]

Circ LONP2 (hsa_
circ_0008558)

up

colorectal cancer

Promote pre-miR-17
mature

Recruit DGCR8 and
Drosha complex

Invasion

[57]

Circ PRMT5

up

urothelial carcinoma of miR-30c
the bladder

SNAIL1/ E-cadherin
pathway

Promote pathological
EMT

[58]

Circ_0044516

up

prostate cancer

miR‐29a‐3p

-

Proliferation and
metastasis

[59]

CiRS-133

up

gastric tumors

miR-133

PRDM16/UCP1
pathway

Cancer cachexia

[50]

Circ-0051443

down

hepatocellular carcinoma

miR-331-3p

BAK1

Promote apoptosis
[60]
and blocking cell cycle

Circ-ABCC1

up

colorectal cancer

interact with β-catenin Wnt/β‐catenin
pathway

Cell stemness, sphere
formation and metastasis

[61]

Circ-CCAC1

up

cholangiocarcinoma

interact with EZH2

SH3GL2/ ZO-1/Occludin

Accelerate CCA
tumorigenesis and
metastasis

[62]

Has-circ_0074854

up

hepatocellular carcinoma

interact with HuR

ZEB1 signaling
pathway

Activate the polarization of M2 macrophage and promote
EMT of HCC cells

[63]

CircFARSA

up

non-small cell lung
cancer

interact with eIF4A3

PI3K/AKT signaling
pathway

Mediate polarization
of M2 macrophages
and promote EMT

[64]

CircLPAR1

down

colorectal cancer

interact with eIF3h

METTL3-eIF3h/ BRD4

Inhibit the proliferation, invasion and
migration of CRC

[65]

Not detection

associated with circRNA_100284 overexpression and
could trigger the malignant transformation of normal
hepatocytes and accelerate cell cycle and proliferation
[52]. MiR-217 is a tumor suppressor involved in a variety
of cancers, including liver cancer [68]. CircRNA-100284
can act as a miRNA sponge of miR-217 and stimulate the
downstream signaling pathway, leading to an increase
in Enhancer of Zeste Homolog 2 (EZH2) and CyclinD1
enhancer expression, leading to the abnormal proliferation of liver cells. Furthermore, Dai et al. demonstrated with electron microscopy that exosomes carrying

circRNA_100284 were transferred from malignant cells to
nonmalignant cells, leading to the malignant transformation of normal cells [52].
Circ‑DB

Circ-DB (circ-deubiquitination, has_circ_0025129) is
an adipose secreted exosomal circRNA that is upregulated in hepatocellular carcinoma (HCC) patients with
high body fat ratio [53]. Ubiquitin-specific protease 7
(USP7) is a deubiquitinating enzyme that plays a key
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role in the cell cycle, proliferation and DNA repair [69,
70]. High levels of USP7 are often found in HCC tissues
and are associated with tumor growth and invasion,
leading to poor overall survival [71, 72]. Studies have
shown that exosomal circ-DB secreted by adipose cells
can inhibit miR-34a by targeting miR-34a and activate
deubiquitination-related USP7, reducing DNA damage
and promoting the proliferation and migration of HCC
cells by activating the USP7/Cyclin A2 signaling pathway, leading to tumor growth and metastasis in vivo
[53].
CircPTGR1

A study showed that the increased metastatic ability of
HCC cells could be gifted to cells with low or no metastasis potential by exosomes carrying circPTGR1, thus
promoting the metastasis ability and progression of HCC
cells [54]. CircPTGR1 is abundant in exosomes from
serum of HCC patients and is related to clinical stage
and prognosis. CircPTGR1 from exosomes with high
metastatic potential and abundance in cells may inhibit
the interaction between miR-449a and MET in recipient cells, thus having effects on cells with low metastatic
potential, disrupting tumor microenvironment homeostasis, and triggering HCC progression [54].
Circ‑0000284

Circ-0000284 is an isoform of circHIPK3 and is involved
in tumor progression [55]. Wang et al. showed that circ0000284 could absorb miR-637 and promote the proliferation, migration, and invasion of cholangiocarcinoma
(CCA) cells. Circ-0000284 has the ability to sponge
miR-637, which contributes to increased expression of
lymphocyte antigen-6E (LY6E) through competitive
binding of miR-637. Interestingly, the LY6 family has
been reported to have increased expression in many cancers including colorectal cancer (CRC), glioma, ovarian
cancer, gastric cancer, breast cancer and lung cancers.
Moreover, high LY6E expression has been found to be
significantly related to poor clinical outcomes and poorer
overall and disease-free survival than low LY6E expression [73]. In addition, miR-637 can also influence CCA
progression by targeting transcripts of other coding proteins involved in cell proliferation and migration, such as
CDK6, STAT3, and AKT1 [74].
Circ‑PDE8A

PDAC is the most serious malignancy in humans and its
metastatic potential and risk of recurrence, resulting in
a very high mortality rate [75]. In pancreatic cancer, the
tumor-released exosomal circRNA PDE8A promotes
aggressive growth through the miR-338/MACC1/MET
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pathway [49]. In this study, Li et al. detected the exosomal circRNA expression profile of PDAC cells with liver
metastasis by microarray technology and found that high
circ-PDE8A expression was associated with lymphoid
infiltration, tumor-node-metastasis (TNM) stage, and
poor survival in PDAC patients. Further studies showed
that circ-PDE8A promoted the invasive growth of PDAC
cells by upregulating MET. Circ-PDE8A, as the ceRNA
of miR-338, regulates MACC1 and stimulates invasive
growth through the MACC1/MET/ERK or AKT pathways. Finally, the expression of circ-PDE8A in plasma
exosomes of PDAC patients was analyzed and implicated
in the progression and prognosis of PDAC patients [49].
Therefore, circ-PDE8A may play a pivotal role in tumor
invasion.
Circ‑IARS

Circ-IARS is a novel circRNA occurred through the progression of pancreatic cancer [56]. Li and his colleagues
showed that circ-IARS entered human microvascular
endothelial cells (HUVECs) through exosomes and promoted tumor invasion and metastasis [56] (Fig. 3). Liver
metastasis, vascular infiltration and lymph node metastasis stage were sped up by the increased expression of
circ-IARS. As a result, the postoperative survival time
decreased. Previous studies have reported increased
activity of RhoA, a member of the Ras homologous gene
family in HUVECs, which can promote actin cytoskeleton remodeling and cell contraction and can reduce
the expression of tight junction ligand protein Zonula
occludens-1 (ZO-1) [76, 77], resulting in endothelial barrier dysfunction [78–80]. Studies have found that overexpression of circ-IARS can competitively adsorb miR-122
that alleviate its inhibition of RhoA activity of downstream target gene, which increases F-actin expression
and promotes cell contraction [56]. Moreover, increasing RhoA activity reduced the expression of ZO-1, which
disrupted the tight connection with endothelial cells, and
eventually led to increased vascular endothelial permeability and promoted tumor metastasis [56].
CircLONP2

CircLONP2 (hsa_circ_0008558) is critical for the metastasis of CRC cells and is closely related to the aggressive clinicopathological features of CRC patients [57].
In addition, circLONP2 directly acts on and facilitates
primary miRNA-17 (pre-miR-17) processing by recruiting DiGeorge syndrome critical region gene 8 (DGCR8)
and the Drosha complex in a DDX1-dependent manner. Moreover, when mature miR-17-5p is upregulated,
it can be assembled into exosomes and transferred to
adjacent cells, leading to the proliferation of metastasis
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Fig. 3 The role of circ-IARS in tumor invasion and metastasis. Overexpression of circ-IARS can competitively adsorb miR-122 that alleviates its
inhibition of RhoA activity, which increases F-actin expression and promotes cell contraction. Moreover, increasing RhoA activity reduced the
expression of ZO-1, which disrupted the tight connection with endothelial cells, and eventually led to increased vascular endothelial permeability
and promoted tumor metastasis

initiation among primary CRC cells, thus enhancing
their invasion ability. The study further confirmed that
CRC exosomes containing miR-17-5p mimics conferred
higher migration and invasion abilities, while exosomes
of miR-17-5p inhibitors conferred the opposite effect.
These results suggest that upregulated circLONP2 is an
important metastasis driver of CRC and may serve as a
new prognostic biomarker and potential anti-metastatic
therapeutic target in clinical practice.
CircPRMT5

Chen et al. reported that circPRMT5 is overexpressed in
both the serum and urine of patients with urothelial carcinoma of the bladder (UCB) and is positively correlated
with lymph node metastasis and tumor progression [58].
Further studies have shown that circPRMT5 can act as
miR-30c sponge to promote the pathological EMT of
UCB cells, thereby enhancing the level of the target genes
SNAIL1 and E-cadherin, making cells become more
aggressive via the circPRMT5/miR30c/SNAIL1/E-cadherin pathway [58, 81]. This suggests that circPRMT5 may
be a promising prognostic biomarker for UCB patients.
Circ_0044516

Circ_0044516 is extremely upregulated in the exosomes
and cells of prostate cancer patients [59]. Circ_0044516

acts as a sponge of miR‐29a‐3p. Bioinformatics and
luciferase reporter assays confirmed that circ_0044516
down-regulated the expression of miR-29a‐3p, which
was negatively correlated with miR-29a‐3p expression in
prostate cancer. Colony formation experiments showed
that the downregulation of circ_0044516 resulted in
a decrease in the number of prostate cancer cell colonies. In addition, data showed that the expression of
circ_0044516 in the blood exosomes of patients with
highly metastatic prostate cancer was higher than that in
those of patients with prostate cancer of low metastatic
potential, and circ_0044516 also decreased the migration ability of prostate cancer cells [59]. The above studies show that circ_0044516 suppress the proliferation and
metastasis of prostate cancer cells.
CiRS‑133

Cancer-related cachexia is a metabolic syndrome and is a
negative cancer patient survival risk factor [82]. Cachexia
is typically characterized by excessive energy expenditure
compared to that in healthy individuals [83, 84]. However,
the molecular mechanisms of cancer-related cachexia are
poorly understood. Zhang et al. found that exosomal circRNAs from gastric tumors promoted white fat browning
by targeting the miR-133/PRDM16 pathway [50]. They
identified a cachexia-related plasma exosome ciRS-133
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and found that exosomes derived from GC cells delivered
ciRS-133 to preadipocytes, activating PRDM16/UCP1 by
inhibiting the biological function of miR-133 and promoting the differentiation of preadipocytes into brown-like
cells. In addition, knockdown of ciRS-133 reduced cancer
cachexia and oxygen consumption and heat production
in tumor-implanted mice. Thus, exosome-delivered ciRS133 is an involved factor in white adipose browning and
plays a key role in cancer-related cachexia.

and H3K27 trimethylation level, thereby resulting in the
increased expression of SH3GL2. Moreover, SH3GL2
reduced the level of intercellular junction proteins by negatively regulating ZO-1/Occludin. In addition, exosomal
circ-CCAC1 overexpression accelerates CCA tumorigenesis and metastasis in vivo [62]. Therefore, blocking exosome circ-CCAC1 transmission may be a future treatment
strategy for CCA, which needs to be further explored.

Circ‑0051443

HuR is an RNA binding protein (RBP), is known to stabilize mRNAs by preventing gene degradation. Wang
et al. found that has-circ_00074854 interacts with HuR
through RNA pull-down analysis [63]. Down regulation
of has_circ_00074854 further inhibited the migration,
invasion and EMT of HCC cells by reducing the stability of HuR protein and inhibiting ZEB1 signaling pathway. In addition, they also found that HCC cell-derived
exosomes can induce activation of M2 macrophages and
promote migration, invasion and EMT of HCC cells.
And the down-regulated exosome of hsa_circ_00074854
inhibited the polarization of M2 macrophage, thus inhibiting the migration, invasion and EMT of HCC cells
in vitro and in vivo [63]. In summary, this study provided
the evidence that exosomal hsa_circ_00074854 can excert
a biological role by interacting with HuR in HCC.

Normal cells could transmit exosomal circ-0051443 to
HCC cells to inhibit malignant biological behaviors by
inducing apoptosis and blocking cell cycle progression
[60]. BAK1 is an important regulator of cell death that
interacts with proteins to initiate mitochondrion-mediated apoptosis. Previous studies have found that BAK1 is
correlated with the development of a variety of tumors,
including pediatric germ cell tumors [85], cervical cancer [86], chronic lymphocytic leukemia [87], and nonsmall cell lung cancer (NSCLC) [88]. Studies have shown
that BAK1 expression is regulated by exosommal circ0051443 through competitive binding of miR-331-3p,
which thereby inhibit the malignant biological behavior
of HCC [60]. Exosomal circ-0051443 can be used as a
predictor and potential therapeutic target for HCC.
Exosomal circRNAs interact with proteins
Circ‐ABCC1

Studies have shown that exosomes from CD133+ CRC
cells significantly enhance cell stemness, sphere formation and metastasis [61].What’s more, circ‐ABCC1 overexpression was contributed to tumorigenesis of C
 D133−/
−
HCT15 or C
 D133 /Caco2 cells. Researchers also confirmed that circ-ABCC1 could interact with β-catenin
into the cell nucleus and activate the Wnt/β-catenin pathway to regulate CRC progression by RIP and RNA pull
down assays [61]. Overall, cell stemness and metastasis
would be mediated by exosomes from CD133+ cells carrying circ‐ABCC1 in CRC, indicating that circ‐ABCC1
may act as a new candidate target for CRC treatment.
Circ‑CCAC1

Xu et al. found that the level of exosomal circ-CCAC1
in serum of patients with CCA was higher than that of
patients with benign hepatobiliary disease [62]. Exosomal
circ-CCAC1 of CCA cell can be transferred to endothelial cells, damaging the endothelial barrier and inducing
angiogenesis. RIP and RNA pull-down assays showed that
there was an obvious interaction between circ-CCAC1
and EZH2, and the high expression of circ-CCAC1 significantly increased the cytoplasmic localization of EZH2,
inhibiting the binding of EZH2 to the SH3GL2 promoter

Has‑circ_0074854

CircFARSA

Another study also reported that exosomal circRNA
can promote tumor metastasis and EMT by mediating
polarization of M2 macrophages. Chen et al. found that
circFARSA was significantly upregulated in NSCLC tissues, and the NSCLC cell-derived exosomal circFARSA
could polarize the macrophages to a M2 phenotype [64].
In vitro experiments, macrophages pretreated by exosomal circFARSA were co-cultured with NSCLC cells,
which could promote NSCLC cell metastasis and EMT.
They explored the mechanism by which exosomal circFARSA induced polarization of M2 macrophages and
found that circFARSA activated the PI3K/AKT signaling
pathway through PTEN ubiquitination and degradation.
More interestingly, they found that an RBP named eIF4A3
can bind to the upstream and downstream sequences
of circFARSA mRNA in NSCLC cells, which could promote circFARSA synthesis. However, they did not verify
the effect of exosomal circFARSA on NSCLC tumor size
in vivo, and further exploration is needed in the future.
CircLPAR1

The latest study, published in 2022, showed that exosomal
circLPAR1 was significantly down-regulated in the plasma
of CRC patients and could be successfully detected [65].
ROC curve showed that exosomal circLPAR1 could be
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used to distinguish CRC patients from non-cancer controls, and the combination of exosomal circLPAR1 with
CRC diagnostic markers CEA and CA19-9 could improve
the AUC value. Furthermore, exosomal circLPAR1 acts as
a sponge for eIF3h to influence BRD4 translation. It can
directly bind to eIF3h to inhibit METTL3-eIF3h interaction and further down-regulate the level of BRD4, thus
inhibiting the proliferation, invasion and migration of
CRC cells. Meanwhile, circLPAR1 can inhibit the growth
of CRC in vivo experiments [65]. In this study, the specific
mechanism of exosomal circLPAR1 in CRC was demonstrated. The convenience and stability of the detection of
exosomal circLPAR1 in the plasma of patients opens up a
new way for the diagnosis of CRC.
Possibility of exosomal circRNAs being translated
into proteins

In recent years, IRES and N6-methyladenosines (m6A)mediated cap-independent translation initiation have
been identified as potential mechanisms for circRNA
translation [89]. To date, several translated circRNAs
have been suggested that they could play key roles in
cancers. CircSHPRH can encode a new 146 amino acids
protein (SHPRH-146aa) in glioma, which shows tumor
suppressive activity during tumorigenesis [90]. CircFBXW7 has also been reported to inhibit the proliferation
and migration of triple-negative breast cancer (TNBC)
cells by encoding a 185 amino acids peptide (FBXW7185aa) as a tumor suppressor [91]. CircLINC-PINT
inhibits the proliferation of glioblastoma cells by encoding a peptide containing 87 amino acids (PINT87aa)
[92]. CircPPP1R12A encodes a 73 amino acids peptide
(CircPPP1R12A-73aa) to activate the Hippo-YAP signaling pathway, which promotes the proliferation and
metastasis of colon cancer [93].
Although these reported proteins of circRNAs translation play important roles in cancers, the research on

circRNA translation is still in its infancy. The various circRNAs of translation in a variety of other tumors need to
be further explored. In addition, we found that the mechanism of circRNAs in exosomes derived from tumors have
been mostly acting as microRNA sponges since 2015, then
followed by interacting with proteins in the last 1 ~ 2 years.
However, the regulation of tumor development by circRNAs translating into proteins in exosomes has not been
reported. Whether the exosomal circRNAs can take
advantage of exosomal targeting merit to deliver their
encoding proteins into recipient cells or translate into proteins after circRNAs entering recipient cells, thus playing
a role in tumor progression needs further exploration and
confirmation. We believe that the translation of exosomal
circRNAs will provide a new perspective and approach for
the diagnosis and treatment of cancer.
Exosomal circRNA also implicate in hematological
malignancies

In previous studies, the vast majority of exosomal circRNA were associated with solid tumors. Emerging studies have revealed that the expression of circRNAs is also
strongly associated with tumorigenesis and prognosis of
hematological malignancies. Exosome can be used as a
signal molecule in bone marrow microenvironment and
is closely related to the occurrence and development of
hematological malignancies. However, the effect of exosomal circRNA on hematological malignancies has only
been found and reported in the last 1 ~ 2 years. Therefore,
we have also summed up exosomal circRNA implicated
in hematological malignancies. It was found that the
reported exosomal circRNAs in hematological malignancies were mainly concentrated in several diseases
such as Acute myeloid leukemia (AML) [94, 95], Chronic
lymphocytic leukemia (CLL) [96] and Multiple myeloma
(MM) [97, 98] (Table 2).

Table 2 Exosomal circRNA implicate in hematological malignancies
Diseases Exosomal circRNA

Levels miRNAs, RBPs, and
pathways targeted

Impact on Hematologic disease

References

AML

circ_0004136

up

miR-570-3p/TSPAN3

Increase AML cell viability, cell cycle progression, migration
and invasion and decreased apoptosis

[94]

AML

circ_0009910

up

miR‐5195‐3p/GRB10

Increase proliferation, apoptosis and cell cycle progression
of AML cells

[95]

CLL

mc-COX2

up

-

Dampen mitochondrial functions and regulates CLL cell
growth

[96]

MM

circMYC

up

-

Associate with the recurrence and Bortezomib resistance

[97]

MM

chr2:2,744,228–2,744,407 + up

MM

circ-G042080

Not detection

up

hsa-miR-6829-3p/GRIN2B Neuronal cell death and MM-related PN
hsa-miR-4268/TLR4

[98]

Associate with MM-related myocardial damage and increase [99]
autophagy level in cardiomyocytes
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Exosomal circRNA in AML

AML is accounting for approximately 20% of pediatric
leukemia [100, 101]. Bi et al. first reported one exosomal circRNA (circ_0004136) in AML progression [94].
Functional analyses such as dual-luciferase reporter,
RNA immunoprecipitation assays, Cell Counting Kit-8,
transwell and flow cytometry assay suggested that exosomal circ_0004136 knockdown hampered AML cell
viability, cell cycle progression, migration and invasion,
and promoted cell apoptosis by targeting the miR570-3p/
TSPAN3 axis, highlighting a novel therapeutic strategy
for AML management [94].
Hsa_circ_0009910 (circ_0009910) is a novel leukemia‐related circular RNA [102, 103], and expression of
circ_0009910 is upregulated in AML bone marrows, cells,
and exosomes [95]. MiR‐5195‐3p acted as the sponge of
circ_0009910 and growth factor receptor‐bound protein
10 (GRB10) acted as downstream targets of miR‐5195‐3p
were confirmed by dual‐luciferase reporter assay and
RNA immunoprecipitation [95]. Circ_0009910 could be
shuttled via exosomes to mediate proliferation, cell cycle
and apoptosis of AML cells by regulating miR‐5195‐3p/
GRB10 axis.
Exosomal circRNA in CLL

CLL is the most popular incurable B cell neoplasm [104].
However, the functions and clinical significance of circRNAs in CLL have been rarely studied. Wu et al. demonstrated for the first time that a novel circRNA, mc-COX2,
generated from the COX2 gene on the mitochondrial
genome, was highly expressed in the plasma exosomes
of CLL patients and might be closely related to prognosis
[96]. In addition, mc-COX2 impacts mitochondrial functions and regulate CLL cell proliferation and apoptosis. On
the contrary, carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), one inhibitor of mitochondria functions, can
dramatically downregulated the levers of mc-COX2 [96].
However, the mechanisms of mc-COX2 regulating mitochondrial and affecting the progress of the disease have
not reported, which needs to be further explored.
Exosomal circRNA in MM

MM is the second most popular hematological malignancy and the most common type of human plasma cell
disease [105]. Major clinical symptoms of MM are anemia, renal failure, bone destruction, hypercalcemia and
cardiac comorbidities [106].
Although some drug especially bortezomib (BTZ)
has been a successful chemotherapeutic for MM, some
patients still have failed in treatment due to BTZ drug
resistance [107]. Therefore, the search for new markers has important clinical significance for the development of new treatments for MM. Luo et al. found that
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the expression of CircMYC was increased in serum
exosomes of MM patients [97]. Moreover, patients with
BTZ resistance were found to have higher exosomal
circMYC expression than that before resistance. Furthermore, high exosomal circMYC levels were independent predictors of poor prognosis in patients with
MM by using univariate and multivariate Cox regression analysis and had lower overall survival and progression-free survival, which implicated that exosomal
circMYC have potential clinical application as a biomarker for the diagnosis and prognosis of MM [97].
Peripheral neuropathy (PN) is an incurable complication of MM [108]. Zhang et al. firstly identified that a
novel exosomal circRNA, chr2:2,744,228–2,744,407 + ,
could have potential to be an excellent therapeutic target
for MM-related PN [98]. They found that chr2:2,744,228–
2,744,407 + were highly expressed in the exosome of serum
in patient with MM-related PN, and applied bioinformatics
analysis to predict that chr2:2,744,228–2,744,407 + might
induce MM-related PN via the downstream hsa-miR6829-3p/GRIN2B axis [98]. What’s more, ROC curve, univariate and multivariate COX regression analysis showed
that this exosomal circRNA could be an independent prognostic factor in MM-related PN [98]. However, the mechanism of this exosomal circRNA in MM needs to further
verification and exploration.
Myocardial damage is another mostly incurable complication of MM. Sun et al. also demonstrated that 1265
upregulated circRNAs and 787 downregulated circRNAs have significant differences, which were identified in serum exosomes of MM patients compared
with healthy controls by high-throughput sequencing
[99]. They found that the upregulated circ-G042080
was closely associated with MM-related myocardial
damage by using bioinformatics analysis including
GO and KEGG analyses. In addition, they also predicted and verified the downstream miRNAs and target genes of circ-G042080, demonstrated that there
was a circ-G042080/hsa-miR-4268/TLR4 ceRNA axis
in H9C2 cells incubated with exosomes from MM and
can induce autophagic death in cardiomyocytes [99].
More importantly, circ-G042080 was found to be positively correlated with TnT and proBNP levels which
represented the clinical features of heart damage.
Meanwhile, the ROC curve and Cox analyses suggested
that circ-G042080 could be used as an effective clinical
prognostic indicator and independent prognostic factor
of patients with MM-related myocardial damage [99].
Application of exosomal circRNAs as biomarkers
in malignant tumors

Noninvasive early detection of malignant tumors has
always been a hot topic in tumor research. It is very
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important to find sensitive and specific biomarkers
for the early diagnosis and treatment of tumors. Some
studies have shown that microRNAs and long noncoding RNAs can act as biomarkers for tumors [109, 110].
CircRNAs are abundant, conserved, and stable, and are
insensitive to RNase and these features highlight the possibility that circRNA could become predominant markers
for disease. According to current publications, the potential of circRNAs as recognized biomarkers in clinically
relevant diseases is being widely explored. For example,
the presence of circRNA in exosomes (exo-hsa_circRNA)
was found to be associated with CXCR4 expression
which was confirmed to be related to the lymph node
metastasis of lung adenocarcinoma in vivo, so it may be
a predictor of lymph node metastasis in lung adenocarcinoma [111]. PDAC survival curve analysis showed that
high expression of circRNA PDE8A in exosomes was
associated with low survival rates. Exosomal circ-PDE8A
may be a useful marker for PDAC diagnosis or prognosis prediction [49]. Circ 0,044,516 in exosomes promotes
the proliferation and metastasis of prostate cancer cells,
which suggests that exosomal circ 0,044,516 is a potential
biomarker [59]. Hsa-circ-0004771 in exosomes was significantly upregulated in the serum of CRC patients compared to normal controls and had a significant diagnostic
effect, which may provide new opportunities for potential CRC diagnosis strategies [112].
Recent studies have shown that exosomal circRNAs
also mediate chemotherapy-resistance or radio resistance in various cancers. Some researchers observed
circ-Cdr1as was downregulated in serum exosomes of
cisplatin-resistant ovarian cancer patients [113]. Zhang
et al.demonstrated exosomal Circ-XIAP can promote
Docetaxel (DTX) resistance in prostate cancer by regulating miR-1182/TPD52 axis. Exosomal circ-XIAP is overexpressed in DTX-resistant cells, and down-regulation of
circ-XIAP can enhance the sensitivity of DTX [114]. Ding
et al. found that exosomal CircNFIX was up-regulated
in serum of patients with temozolomide (TMZ) chemoresistance of glioma, which could promote the growth
of glioma, and its depletion enhanced the sensitivity of
glioma cells to TMZ in vivo [115]. Zhao et al. analyzed
circRNAs in the extracellular vesicles (EVs) of U251 and
radioresistant U251 cells by the RNA Seq method and
found that exosomal circRNAs have an effect on radio
resistance [116]. CircATP8B4 was proven to facilitate
glioma radio resistance by serving as a miR-766 sponge,
suggesting that circATP8B4 in EVs may be emerged as a
potential biomarker for glioma radio resistance. Therefore, exosomes carrying circRNAs and engineered siRNAs targeting specific circRNAs may be valuable not
only in accurate and effective treatment but also in drug
development to suppress tumor progression [117]. These
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siRNA molecules can downregulate the expression of
circRNA and indirectly inhibit circRNA-induced injury.
For example, inhibition of circRNA-ACAP2 and circCCDC66 by siRNA transfection of colon cancer cells
resulted in decreased cell proliferation, migration, and
invasion rates compared to those in the control and
NC groups [118, 119]. In addition, sensitive cells could
receive ciRS-122 through exosomes from oxaliplatin
resistant cells, then their glycosylation and drug resistance would be promoted through miR-122 sponging and
PKM2 upregulation. Moreover, si-ciRS-122 transported
by exosomes could inhibit glycolysis and reverse oxaliplatin resistance by regulating the ciRS-122/miR-122/
PKM2 pathways in vivo, thus enhancing the response to
antitumor drugs [120].

Conclusions
CircRNAs are endogenous, abundant, conserved, and
stable regulatory RNAs, which can play biological functions through a variety of mechanisms. Exosomes carry
specific proteins and RNA cargos and have identified as a
new method for intercellular communication [121, 122].
In recent years, exosomal circRNAs have become a new
field and hotspot in malignant tumors research. As such,
in this review, we mainly focused on the multiple mechanisms of exosomal cicRNAs playing important roles in
tumors: miRNA sponging, circRNA-protein interactions,
and translation into proteins. We also elaborated the role
and application of exosomal circRNAs in tumor development, including regulation of cell proliferation, invasion,
migration, metastasis, and drug resistance. Due to high
specificity and stability of exosomal circRNAs, they may
become potential malignant tumors biomarkers for early
detection and may accurately predict the most appropriate treatments for patients. Furthermore, they may have
the capability to monitor disease progression or recurrence. Unlike biomarkers found in tumor tissue, exosomal circRNAs can be easily detected in peripheral blood
and are much easier to obtain from patients. Intriguingly,
the influence of exosomal circRNA on hematological
malignancies, which is a very novel area and not confined to solid tumors, has also been gradually concerned,
including hematological malignant tumor cell viability,
cell cycle progression, migration and invasion, apoptosis, recurrence and drug resistance. Therefore, we believe
that exosomal circRNA may be more promising as clinical diagnostic markers.
It is important to note that exosomes are natural
drug carriers for targeted therapy of malignant tumors.
Although many studies have assessed the role of exosomal
circRNAs in tumors, relatively few studies have assessed
the specific function of exosomal circRNAs. Moreover,
recent studies have shown that tumor-derived exosomes
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can regulate dendritic cell differentiation and maturation
or macrophage polarization by delivering their cargos to
surrounding immune cells in the tumor microenvironment, thus affecting tumor growth. The specific mechanism and in vivo experimental studies need to be further
explored and improved. In addition, interestingly, cells
also can clear circRNAs via exosomes. Further studies are
yet to elucidate the detailed mechanism of exosomal circRNA clearance and release. With the continuous exploration of these unknown factors, we believe that relevant
studies on exosomal circRNAs will reveal new opportunities for clinical diagnosis strategies and provide new
methods for malignant tumors treatment.
Abbreviations
circRNAs: Circular RNAs; miRNAs: MicroRNAs; ILVs: Intracavitary vesicles; MVBs:
Multivesicular bodies; EMT: Epithelial-mesenchymal transition; LncRNAs: Long
noncoding RNAs; ncRNA: Noncoding RNA; ecircRNAs: Exon circRNAs; ciRNAs:
Intron circRNAs; EIciRNAs: Exon–intron circRNAs; ceRNAs: Competitive RNAs;
CDR1as: Cerebellar degeneration-related protein 1; RNA Pol II: RNA polymerase II;
snRNA: Small nuclear RNA; IRES: Internal ribosomal entry site; CSF: Cerebrospinal
fluid; ESCRT: Endosomal sorting complexes required for transport; ALIX: ALG-2
interaction protein X; APCs: Antigen-presenting cells; MHC-I: Major histocompatibility complex-I; PDAC: Pancreatic ductal adenocarcinoma; EZH2: Enhancer
of Zeste Homolog 2; HCC: Hepatocellular carcinoma; USP7: Ubiquitin-specific
protease 7; CCA: Cholangiocarcinoma; LY6E: Lymphocyte antigen-6E; CRC:
Colorectal cancer; TNM: Tumor-node-metastasis; HUVECs: Human microvascular
endothelial cells; ZO-1: Zonula occludens-1; DGCR8: DiGeorge syndrome critical
region gene 8; UCB: Urothelial carcinoma of the bladder; NSCLC: Non-small cell
lung cancer; RBP: RNA binding protein; TNBC: Triple-negative breast cancer;
AML: Acute myeloid leukemia; CLL: Chronic lymphocytic leukemia; MM: Multiple
myeloma; GRB10: Growth factor receptor‐bound protein 10; CCCP: Carbonyl
cyanide 3-chlorophenylhydrazone; BTZ: Bortezomib; PN: Peripheral neuropathy;
DTX: Docetaxel; TMZ: Temozolomide; EVs: Extracellular vesicles.
Acknowledgements
We are grateful to American Journal Experts (AJE) for English language editing
of the manuscript (verification code F3FC-DF5E-DB8C-F249-C22P).
Authors’ contributions
QZ wrote manuscript and designed the figures; DX, RW, LL and YY provided
scientific suggestions and participated in manuscript preparation; XT, YH and
DC provided guidance and revised this manuscript. The author(s) read and
approved the final manuscript.
Funding
The study was supported by grants provided by The National Natural Science
Foundation of China (81701616, 81871709) to Xinyi Tang and Dawei Cui, the
Natural Science Foundation of Suzhou (KJXW2017063) and the Natural Science Foundation of Zhangjiagang (ZKS2022) to Qinfeng Zhou.
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no conflict of interest.

Page 12 of 15

Author details
Department of Laboratory Medicine, Zhangjiagang TCM Hospital Affiliated
to Nanjing University of Chinese Medicine, Zhangjiagang, China. 2 Department of Medical Oncology, Shanghai Pulmonary Hospital & Thoracic Cancer
Institute, Tongji University School of Medicine, Shanghai, China. 3 Department
of Oncology, Zhangjiagang TCM Hospital Affiliated to Nanjing University
of Chinese Medicine, Zhangjiagang, China. 4 Department of Health Sciences
Research, Mayo Clinic, Rochester, USA. 5 Department of Laboratory Medicine,
The Affiliated People’s Hospital, Jiangsu University, Zhenjiang, China. 6 Division
of Hematology and Internal Medicine, Mayo Clinic, Rochester, USA. 7 Bone Marrow Transplantation Center, The First Affiliated Hospital, Zhejiang University
School of Medicine, Hangzhou, China. 8 Department of Blood Transfusion, The
First Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou,
China.

1

Received: 7 December 2021 Accepted: 5 April 2022

References
1. Capel B, Swain A, Nicolis S, Hacker A, Walter M, Koopman P, et al.
Circular transcripts of the testis-determining gene Sry in adult mouse
testis. Cell. 1993;73(5):1019–30. https://doi.org/10.1016/0092-8674(93)
90279-y.
2. Guarnerio J, Bezzi M, Jeong JC, Paffenholz SV, Berry K, Naldini MM, et al.
Oncogenic role of fusion-circRNAs derived from cancer-associated
chromosomal translocations. Cell. 2016;165(2):289–302. https://doi.org/
10.1016/j.cell.2016.03.020.
3. Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, et al.
The RNA binding protein quaking regulates formation of circRNAs. Cell.
2015;160(6):1125–34. https://doi.org/10.1016/j.cell.2015.02.014.
4. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al. Natural RNA circles function as efficient microRNA
sponges. Nature. 2013;495(7441):384–8. https://doi.org/10.1038/
nature11993.
5. Tlsty TD, Coussens LM. Tumor stroma and regulation of cancer development. Annu Rev Pathol. 2006;1:119–50. Epub 2007/11/28. https://doi.
org/10.1146/annurev.pathol.1.110304.100224.
6. Tomasetti M, Lee W, Santarelli L, Neuzil J. Exosome-derived microRNAs
in cancer metabolism: possible implications in cancer diagnostics and
therapy. Exp Mol Med. 2017;49(1):e285. Epub 2017/01/21. https://doi.
org/10.1038/emm.2016.153.
7. Fan Q, Yang L, Zhang X, Peng X, Wei S, Su D, et al. The emerging role
of exosome-derived non-coding RNAs in cancer biology. Cancer Lett.
2018;414:107–15. Epub 2017/11/07. https://doi.org/10.1016/j.canlet.
2017.10.040.
8. Hsu MT, Coca-Prados M. Electron microscopic evidence for the
circular form of RNA in the cytoplasm of eukaryotic cells. Nature.
1979;280(5720):339–40. https://doi.org/10.1038/280339a0.
9. Sanger HL, Klotz G, Riesner D, Gross HJ, Kleinschmidt AK. Viroids are singlestranded covalently closed circular RNA molecules existing as highly basepaired rod-like structures. Proc Natl Acad Sci U S A. 1976;73(11):3852–6.
Epub 1976/11/01. https://doi.org/10.1073/pnas.73.11.3852.
10. Cocquerelle C, Mascrez B, Hétuin D, Bailleul B. Mis-splicing yields circular RNA molecules. FASEB J. 1993;7(1):155–60. Epub 1993/01/01. https://
doi.org/10.1096/fasebj.7.1.7678559.
11. Wilusz JE, Sharp PA, Molecular biology. A circuitous route to noncoding
RNA. Science. 2013;340(6131):440–1. https://doi.org/10.1126/science.
1238522.
12. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular
RNAs are abundant, conserved, and associated with ALU repeats. Rna.
2013;19(2):141–57. Epub 2012/12/20. https://doi.org/10.1261/rna.
035667.112.
13. Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. Circular RNAs are
the predominant transcript isoform from hundreds of human genes in
diverse cell types. PloS One. 2012;7(2):e30733. https://doi.org/10.1371/
journal.pone.0030733.
14. Wang PL, Bao Y, Yee MC, Barrett SP, Hogan GJ, Olsen MN, et al.
Circular RNA is expressed across the eukaryotic tree of life. PloS one.

Zhou et al. Biomarker Research

15.
16.

17.
18.
19.
20.
21.

22.

23.
24.
25.
26.

27.
28.

29.
30.
31.
32.

33.
34.
35.

(2022) 10:28

2014;9(6):e90859. Epub 2014/03/13. https://doi.org/10.1371/journal.
pone.0090859.
Danan M, Schwartz S, Edelheit S, Sorek R. Transcriptome-wide discovery
of circular RNAs in Archaea. Nucleic Acid Res. 2012;40(7):3131–42.
https://doi.org/10.1093/nar/gkr1009.
Li Y, Zheng Q, Bao C, Li S, Guo W, Zhao J, et al. Circular RNA is enriched
and stable in exosomes: a promising biomarker for cancer diagnosis.
Cell Res. 2015;25(8):981–4. Epub 2015/07/04. https://doi.org/10.1038/cr.
2015.82.
Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. Complementary
sequence-mediated exon circularization. Cell. 2014;159(1):134–47.
https://doi.org/10.1016/j.cell.2014.09.001.
Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular
RNAs are a large class of animal RNAs with regulatory potency. Nature.
2013;495(7441):333–8. Epub 2013/03/01. https://doi.org/10.1038/nature11928.
Hansen TB, Kjems J, Damgaard CK. Circular RNA and miR-7 in cancer.
Cancer Res. 2013;73(18):5609–12. Epub 2013/09/10. https://doi.org/10.
1158/0008-5472.Can-13-1568.
Liu J, Liu T, Wang X, He A. Circles reshaping the RNA world: from
waste to treasure. Mol Cancer. 2017;16(1):58. https://doi.org/10.1186/
s12943-017-0630-y.
Loh TJ, Moon H, Cho S, Jang H, Liu YC, Tai H, et al. CD44 alternative
splicing and hnRNP A1 expression are associated with the metastasis of
breast cancer. Oncol Rep. 2015;34(3):1231–8. Epub 2015/07/08. https://
doi.org/10.3892/or.2015.4110.
Du WW, Yang W, Li X, Awan FM, Yang Z, Fang L, et al. A circular RNA circDNMT1 enhances breast cancer progression by activating autophagy.
Oncogene. 2018;37(44):5829–42. Epub 2018/07/06. https://doi.org/10.
1038/s41388-018-0369-y.
Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R, Stottmeister C, Ruhe L,
et al. Translation of CircRNAs. Mol Cell. 2017;66(1):9-21 e7. https://doi.
org/10.1016/j.molcel.2017.02.021.
Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, et al. Extensive translation of circular RNAs driven by N(6)-methyladenosine. Cell Res.
2017;27(5):626–41. https://doi.org/10.1038/cr.2017.31.
Trams EG, Lauter CJ, Salem N Jr, Heine U. Exfoliation of membrane ectoenzymes in the form of micro-vesicles. Biochimica Et Biophysica Acta.
1981;645(1):63–70. https://doi.org/10.1016/0005-2736(81)90512-5.
Pan BT, Teng K, Wu C, Adam M, Johnstone RM. Electron microscopic
evidence for externalization of the transferrin receptor in vesicular form
in sheep reticulocytes. J Cell Biol. 1985;101(3):942–8. https://doi.org/10.
1083/jcb.101.3.942.
Harding C, Heuser J, Stahl P. Receptor-mediated endocytosis of transferrin and recycling of the transferrin receptor in rat reticulocytes. J Cell
Biol. 1983;97(2):329–39. https://doi.org/10.1083/jcb.97.2.329.
Pan BT, Johnstone RM. Fate of the transferrin receptor during maturation of sheep reticulocytes in vitro: selective externalization of the
receptor. Cell. 1983;33(3):967–78. https://doi.org/10.1016/0092-
8674(83)90040-5.
Jiang L, Gu Y, Du Y, Liu J. Exosomes: diagnostic biomarkers and therapeutic delivery vehicles for cancer. Mol Pharm. 2019;16(8):3333–49.
https://doi.org/10.1021/acs.molpharmaceut.9b00409.
van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213–28. https://
doi.org/10.1038/nrm.2017.125.
Zhang X, Yuan X, Shi H, Wu L, Qian H, Xu W. Exosomes in cancer: small
particle, big player. J Hematol Oncol. 2015;8:83. https://doi.org/10.1186/
s13045-015-0181-x.
Cheng J, Meng J, Zhu L, Peng Y. Exosomal noncoding RNAs in
Glioma: biological functions and potential clinical applications. Mol
Cancer. 2020;19(1):66. Epub 2020/03/28. https://doi.org/10.1186/
s12943-020-01189-3.
Hurley JH. ESCRT complexes and the biogenesis of multivesicular bodies. Curr Opin Cell Biol. 2008;20(1):4–11. https://doi.org/10.1016/j.ceb.
2007.12.002.
Schmidt O, Teis D. The ESCRT machinery. Curr Biol. 2012;22(4):R116-20.
https://doi.org/10.1016/j.cub.2012.01.028.
Christ L, Raiborg C, Wenzel EM, Campsteijn C, Stenmark H. Cellular
Functions and Molecular Mechanisms of the ESCRT Membrane-Scission
Machinery. Trends Biochem Sci. 2017;42(1):42–56. Epub 2016/09/28.
https://doi.org/10.1016/j.tibs.2016.08.016.

Page 13 of 15

36. Schöneberg J, Lee IH, Iwasa JH, Hurley JH. Reverse-topology membrane
scission by the ESCRT proteins. Nat Rev Mol Cell Biol. 2017;18(1):5–17.
Epub 2016/11/04. https://doi.org/10.1038/nrm.2016.121.
37. Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol
Cell Biol. 2009;10(8):513–25. Epub 2009/07/16. https://doi.org/10.1038/
nrm2728.
38. Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018;75(2):193–208. https://doi.org/10.1007/
s00018-017-2595-9.
39. Zhang W, Jiang X, Bao J, Wang Y, Liu H, Tang L. Exosomes in pathogen
infections: a bridge to deliver molecules and link functions. Front
Immunol. 2018;9:90. https://doi.org/10.3389/fimmu.2018.00090.
40. Whiteside TL. Tumor-Derived Exosomes and Their Role in TumorInduced Immune Suppression. Vaccines. 2016;4(4). Epub 2016/10/25.
https://doi.org/10.3390/vaccines4040035.
41. Soung YH, Ford S, Zhang V, Chung J. Exosomes in Cancer Diagnostics.
Cancers. 2017;9(1). https://doi.org/10.3390/cancers9010008.
42. Wang J, Deng Z, Wang Z, Wu J, Gu T, Jiang Y, et al. MicroRNA-155 in
exosomes secreted from helicobacter pylori infection macrophages
immunomodulates inflammatory response. Am J Transl Res.
2016;8(9):3700–9.
43. Tkach M, Théry C. Communication by extracellular vesicles: where
we are and where we need to go. Cell. 2016;164(6):1226–32. Epub
2016/03/12. https://doi.org/10.1016/j.cell.2016.01.043.
44. Li W, Li C, Zhou T, Liu X, Liu X, Li X, et al. Role of exosomal proteins in
cancer diagnosis. Mol Cancer. 2017;16(1):145. Epub 2017/08/31. https://
doi.org/10.1186/s12943-017-0706-8.
45. Zhou R, Chen KK, Zhang J, Xiao B, Huang Z, Ju C, et al. The decade
of exosomal long RNA species: an emerging cancer antagonist. Mol
cancer. 2018;17(1):75. Epub 2018/03/22. https://doi.org/10.1186/
s12943-018-0823-z.
46. Liang D, Tatomer DC, Luo Z, Wu H, Yang L, Chen LL, et al. The Output
of Protein-Coding Genes Shifts to Circular RNAs When the Pre-mRNA
Processing Machinery Is Limiting. Mol Cell. 2017;68(5):940–54 e3. Epub
2017/11/28. https://doi.org/10.1016/j.molcel.2017.10.034.
47. Dou Y, Cha DJ, Franklin JL, Higginbotham JN, Jeppesen DK, Weaver AM,
et al. Circular RNAs are down-regulated in KRAS mutant colon cancer
cells and can be transferred to exosomes. Sci Rep. 2016;6:37982. Epub
2016/11/29. https://doi.org/10.1038/srep37982.
48. Shi X, Wang B, Feng X, Xu Y, Lu K, Sun M. circRNAs and Exosomes:
A Mysterious Frontier for Human Cancer. Mol Ther Nucleic Acids.
2020;19:384–92. Epub 2019/12/31. https://doi.org/10.1016/j.omtn.2019.
11.023.
49. Li Z, Yanfang W, Li J, Jiang P, Peng T, Chen K, et al. Tumor-released
exosomal circular RNA PDE8A promotes invasive growth via the
miR-338/MACC1/MET pathway in pancreatic cancer. Cancer Lett.
2018;432:237–50. Epub 2018/05/02. https://doi.org/10.1016/j.canlet.
2018.04.035.
50. Zhang H, Zhu L, Bai M, Liu Y, Zhan Y, Deng T, et al. Exosomal circRNA
derived from gastric tumor promotes white adipose browning by targeting the miR-133/PRDM16 pathway. Int J Cancer. 2019;144(10):2501–
15. Epub 2018/11/10. https://doi.org/10.1002/ijc.31977.
51. Wei X, Shi Y, Dai Z, Wang P, Meng X, Yin B. Underlying metastasis
mechanism and clinical application of exosomal circular RNA in tumors
(Review). Int J Oncol. 2021;58(3):289–97. Epub 2021/03/03. https://doi.
org/10.3892/ijo.2021.5179.
52. Dai X, Chen C, Yang Q, Xue J, Chen X, Sun B, et al. Exosomal circRNA_100284 from arsenite-transformed cells, via microRNA-217
regulation of EZH2, is involved in the malignant transformation of
human hepatic cells by accelerating the cell cycle and promoting cell
proliferation. Cell Death Dis. 2018;9(5):454. Epub 2018/04/21. https://
doi.org/10.1038/s41419-018-0485-1.
53. Zhang H, Deng T, Ge S, Liu Y, Bai M, Zhu K, et al. Exosome circRNA
secreted from adipocytes promotes the growth of hepatocellular
carcinoma by targeting deubiquitination-related USP7. Oncogene.
2019;38(15):2844–59. Epub 2018/12/14. https://doi.org/10.1038/
s41388-018-0619-z.
54. Wang G, Liu W, Zou Y, Wang G, Deng Y, Luo J, et al. Three isoforms of
exosomal circPTGR1 promote hepatocellular carcinoma metastasis
via the miR449a-MET pathway. EBioMedicine. 2019;40:432–45. Epub
2019/01/12. https://doi.org/10.1016/j.ebiom.2018.12.062.

Zhou et al. Biomarker Research

(2022) 10:28

55. Wang S, Hu Y, Lv X, Li B, Gu D, Li Y, et al. Circ-0000284 arouses malignant
phenotype of cholangiocarcinoma cells and regulates the biological
functions of peripheral cells through cellular communication. Clin Sci
(London, England : 1979). 2019;133(18):1935–53. Epub 2019/09/11.
https://doi.org/10.1042/cs20190589.
56. Li J, Li Z, Jiang P, Peng M, Zhang X, Chen K, et al. Circular RNA IARS (circIARS) secreted by pancreatic cancer cells and located within exosomes
regulates endothelial monolayer permeability to promote tumor
metastasis. J Exp Clin Cancer Res. 2018;37(1):177. https://doi.org/10.
1186/s13046-018-0822-3.
57. Han K, Wang FW, Cao CH, Ling H, Chen JW, Chen RX, et al. CircLONP2
enhances colorectal carcinoma invasion and metastasis through modulating the maturation and exosomal dissemination of microRNA-17.
Mol Cancer. 2020;19(1):60. Epub 2020/03/20. https://doi.org/10.1186/
s12943-020-01184-8.
58. Chen X, Chen RX, Wei WS, Li YH, Feng ZH, Tan L, et al. PRMT5 circular
RNA promotes metastasis of urothelial carcinoma of the bladder
through sponging miR-30c to induce epithelial-mesenchymal transition. Clin Cancer Res. 2018;24(24):6319–30. https://doi.org/10.1158/
1078-0432.CCR-18-1270.
59. Li T, Sun X, Chen L. Exosome circ_0044516 promotes prostate cancer
cell proliferation and metastasis as a potential biomarker. J Cell Biochem. 2020;121(3):2118–26. https://doi.org/10.1002/jcb.28239.
60. Chen W, Quan Y, Fan S, Wang H, Liang J, Huang L, et al. Exosometransmitted circular RNA hsa_circ_0051443 suppresses hepatocellular
carcinoma progression. Cancer Lett. 2020;475:119–28. https://doi.org/
10.1016/j.canlet.2020.01.022.
61. Zhao H, Chen S, Fu Q. Exosomes from CD133(+) cells carrying circABCC1 mediate cell stemness and metastasis in colorectal cancer. J Cell
Biochem. 2020;121(5–6):3286–97. Epub 2020/01/22. https://doi.org/10.
1002/jcb.29600.
62. Xu Y, Leng K, Yao Y, Kang P, Liao G, Han Y, et al. A Circular RNA,
Cholangiocarcinoma-Associated Circular RNA 1, Contributes to Cholangiocarcinoma Progression, Induces Angiogenesis, and Disrupts Vascular
Endothelial Barriers. Hepatology. 2021;73(4):1419–35. Epub 2020/08/05.
https://doi.org/10.1002/hep.31493.
63. Wang Y, Gao R, Li J, Tang S, Li S, Tong Q, et al. Downregulation of hsa_
circ_0074854 Suppresses the Migration and Invasion in Hepatocellular Carcinoma via Interacting with HuR and via Suppressing Exosomes-Mediated
Macrophage M2 Polarization. Int J Nanomedicine. 2021;16:2803–18. Epub
2021/04/22. https://doi.org/10.2147/IJN.S284560.
64. Chen T, Liu Y, Li C, Xu C, Ding C, Chen J, et al. Tumor-derived exosomal
circFARSA mediates M2 macrophage polarization via the PTEN/PI3K/
AKT pathway to promote non-small cell lung cancer metastasis. Cancer
Treat Res Commun. 2021;28:100412. Epub 2021/06/14. https://doi.org/
10.1016/j.ctarc.2021.100412.
65. Zheng R, Zhang K, Tan S, Gao F, Zhang Y, Xu W, et al. Exosomal
circLPAR1 functions in colorectal cancer diagnosis and tumorigenesis through suppressing BRD4 via METTL3-eIF3h interaction. Mol
Cancer. 2022;21(1):49. Epub 2022/02/16. https://doi.org/10.1186/
s12943-021-01471-y.
66. Kuo CC, Moon KA, Wang SL, Silbergeld E, Navas-Acien A. The Association of Arsenic Metabolism with Cancer, Cardiovascular Disease, and
Diabetes: A Systematic Review of the Epidemiological Evidence.
Environ Health Perspect. 2017;125(8):087001. Epub 2017/08/11. https://
doi.org/10.1289/ehp577.
67. Banerjee N, Bandyopadhyay AK, Dutta S, Das JK, Roy Chowdhury T,
Bandyopadhyay A, et al. Increased microRNA 21 expression contributes
to arsenic induced skin lesions, skin cancers and respiratory distress
in chronically exposed individuals. Toxicology. 2017;378:10–6. Epub
2017/01/11. https://doi.org/10.1016/j.tox.2017.01.006.
68. Xue J, Liu Y, Luo F, Lu X, Xu H, Liu X, et al. Circ100284, via miR-217
regulation of EZH2, is involved in the arsenite-accelerated cell cycle of
human keratinocytes in carcinogenesis. Biochim Biophys Acta Mol Basis
Dis. 2017;1863(3):753–63. Epub 2017/01/08. https://doi.org/10.1016/j.
bbadis.2016.12.018.
69. Coombs N, Sompallae R, Olbermann P, Gastaldello S, Göppel D, Masucci
MG, et al. Helicobacter pylori affects the cellular deubiquitinase USP7
and ubiquitin-regulated components TRAF6 and the tumour suppressor p53. Int J Med Microbiol. 2011;301(3):213–24. Epub 2010/12/07.
https://doi.org/10.1016/j.ijmm.2010.09.004.

Page 14 of 15

70. Zhang C, Lu J, Zhang QW, Zhao W, Guo JH, Liu SL, et al. USP7 promotes
cell proliferation through the stabilization of Ki-67 protein in non-small
cell lung cancer cells. Int J Biochem Cell Biol. 2016;79:209–21. Epub
2016/09/04. https://doi.org/10.1016/j.biocel.2016.08.025.
71. Novellasdemunt L, Foglizzo V, Cuadrado L, Antas P, Kucharska A,
Encheva V, et al. USP7 Is a Tumor-Specific WNT Activator for APCMutated Colorectal Cancer by Mediating β-Catenin Deubiquitination.
Cell Rep. 2017;21(3):612–27. Epub 2017/10/19. https://doi.org/10.
1016/j.celrep.2017.09.072.
72. Morra F, Merolla F, Napolitano V, Ilardi G, Miro C, Paladino S, et al. The combined
effect of USP7 inhibitors and PARP inhibitors in hormone-sensitive and
castration-resistant prostate cancer cells. Oncotarget. 2017;8(19):31815–29.
Epub 2017/04/19. https://doi.org/10.18632/oncotarget.16463.
73. Luo L, McGarvey P, Madhavan S, Kumar R, Gusev Y, Upadhyay G. Distinct lymphocyte antigens 6 (Ly6) family members Ly6D, Ly6E, Ly6K and Ly6H drive
tumorigenesis and clinical outcome. Oncotarget. 2016;7(10):11165–93.
Epub 2016/02/11. https://doi.org/10.18632/oncotarget.7163.
74. Louis C, Desoteux M, Coulouarn C. Exosomal circRNAs: new players in the field
of cholangiocarcinoma. Clin Sci (London, England : 1979). 2019;133(21):2239–
44. Epub 2019/10/28. https://doi.org/10.1042/cs20190940.
75. Wolfgang CL, Herman JM, Laheru DA, Klein AP, Erdek MA, Fishman
EK, et al. Recent progress in pancreatic cancer. CA Cancer J Clin.
2013;63(5):318–48. https://doi.org/10.3322/caac.21190.
76. Schlegel N, Baumer Y, Drenckhahn D, Waschke J. Lipopolysaccharideinduced endothelial barrier breakdown is cyclic adenosine monophosphate dependent in vivo and in vitro. Crit Care Medi. 2009;37(5):1735–
43. https://doi.org/10.1097/CCM.0b013e31819deb6a.
77. Wójciak-Stothard B, Potempa S, Eichholtz T, Ridley AJ. Rho and Rac but
not Cdc42 regulate endothelial cell permeability. J Cell Sci. 2001;114(Pt
7):1343–55 Epub 2001/03/21.
78. Garcia JG, Verin AD, Schaphorst KL. Regulation of thrombin-mediated
endothelial cell contraction and permeability. Semin Thromb Hemost.
1996;22(4):309–15. https://doi.org/10.1055/s-2007-999025.
79. Schaeffer RC Jr, Gong F, Bitrick MS Jr, Smith TL. Thrombin and bradykinin
initiate discrete endothelial solute permeability mechanisms. Am J
Physiol. 1993;264(6 Pt 2):H1798-809. https://doi.org/10.1152/ajpheart.
1993.264.6.H1798.
80. Lum H, Malik AB. Mechanisms of increased endothelial permeability.
Can J Physiol Pharmacol. 1996;74(7):787–800. https://doi.org/10.1139/
y96-081.
81. Bai H, Lei K, Huang F, Jiang Z, Zhou X. Exo-circRNAs: a new paradigm
for anticancer therapy. Mol Cancer. 2019;18(1):56. Epub 2019/03/31.
https://doi.org/10.1186/s12943-019-0986-2.
82. Ovesen L, Allingstrup L, Hannibal J, Mortensen EL, Hansen OP. Effect of
dietary counseling on food intake, body weight, response rate, survival,
and quality of life in cancer patients undergoing chemotherapy: a prospective, randomized study. J Clin Oncol. 1993;11(10):2043–9. https://
doi.org/10.1200/JCO.1993.11.10.2043.
83. Zhou X, Wang JL, Lu J, Song Y, Kwak KS, Jiao Q, et al. Reversal of cancer
cachexia and muscle wasting by ActRIIB antagonism leads to prolonged survival. Cell. 2010;142(4):531–43. https://doi.org/10.1016/j.cell.
2010.07.011.
84. Fearon KC, Glass DJ, Guttridge DC. Cancer cachexia: mediators, signaling, and metabolic pathways. Cell Metab. 2012;16(2):153–66. https://
doi.org/10.1016/j.cmet.2012.06.011.
85. Marcotte EL, Pankratz N, Amatruda JF, Frazier AL, Krailo M, Davies S, et al.
Variants in BAK1, SPRY4, and GAB2 are associated with pediatric germ cell
tumors: a report from the children’s oncology group. Genes Chromosomes Cancer. 2017;56(7):548–58. https://doi.org/10.1002/gcc.22457.
86. Wang YD, Cai N, Wu XL, Cao HZ, Xie LL, Zheng PS. OCT4 promotes
tumorigenesis and inhibits apoptosis of cervical cancer cells by miR125b/BAK1 pathway. Cell Death Dis. 2013;4:e760. https://doi.org/10.
1038/cddis.2013.272.
87. Slager SL, Skibola CF, Di Bernardo MC, Conde L, Broderick P, McDonnell
SK, et al. Common variation at 6p21.31 (BAK1) influences the risk of
chronic lymphocytic leukemia. Blood. 2012;120(4):843–6. https://doi.
org/10.1182/blood-2012-03-413591.
88. Gu XY, Wang J, Luo YZ, Du Q, Li RR, Shi H, et al. Down-regulation of miR150 induces cell proliferation inhibition and apoptosis in non-small-cell
lung cancer by targeting BAK1 in vitro. Tumour Biol. 2014;35(6):5287–
93. https://doi.org/10.1007/s13277-014-1688-4.

Zhou et al. Biomarker Research

(2022) 10:28

89. Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento O,
et al. 5’ UTR m(6)A Promotes Cap-Independent Translation. Cell.
2015;163(4):999–1010. Epub 2015/11/26. https://doi.org/10.1016/j.cell.
2015.10.012.
90. Zhang M, Huang N, Yang X, Luo J, Yan S, Xiao F, et al. A novel protein
encoded by the circular form of the SHPRH gene suppresses glioma
tumorigenesis. Oncogene. 2018;37(13):1805–14. Epub 2018/01/19.
https://doi.org/10.1038/s41388-017-0019-9.
91. Ye F, Gao G, Zou Y, Zheng S, Zhang L, Ou X, et al. circFBXW7 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. Epub
2019/09/20. https://doi.org/10.1016/j.omtn.2019.07.023.
92. Zhang M, Zhao K, Xu X, Yang Y, Yan S, Wei P, et al. A peptide encoded by
circular form of LINC-PINT suppresses oncogenic transcriptional elongation in glioblastoma. Nat Commun. 2018;9(1):4475. Epub 2018/10/28.
https://doi.org/10.1038/s41467-018-06862-2.
93. Zheng X, Chen L, Zhou Y, Wang Q, Zheng Z, Xu B, et al. A novel protein encoded
by a circular RNA circPPP1R12A promotes tumor pathogenesis and metastasis of colon cancer via Hippo-YAP signaling. Mol Cancer. 2019;18(1):47. Epub
2019/03/31. https://doi.org/10.1186/s12943-019-1010-6.
94. Bi J, Pu Y, Yu X. Exosomal circ_0004136 enhances the progression of
pediatric acute myeloid leukemia depending on the regulation of
miR-570–3p/TSPAN3 axis. Anticancer Drugs. 2021;32(8):802–11. Epub
2021/04/15. https://doi.org/10.1097/CAD.0000000000001068.
95. Wang D, Ming X, Xu J, Xiao Y. Circ_0009910 shuttled by exosomes regulates
proliferation, cell cycle and apoptosis of acute myeloid leukemia cells by
regulating miR-5195–3p/GRB10 axis. Hematol Oncol. 2021;39(3):390–400.
Epub 2021/05/11. https://doi.org/10.1002/hon.2874.
96. Wu Z, Sun H, Wang C, Liu W, Liu M, Zhu Y, et al. Mitochondrial GenomeDerived circRNA mc-COX2 Functions as an Oncogene in Chronic
Lymphocytic Leukemia. Mol Ther Nucleic Acids. 2020;20:801–11. Epub
2020/05/22. https://doi.org/10.1016/j.omtn.2020.04.017.
97. Luo Y, Gui R. Circulating Exosomal CircMYC Is Associated with Recurrence and Bortezomib Resistance in Patients with Multiple Myeloma.
Turk J Haematol. 2020;37(4):248–62. Epub 2020/08/20. https://doi.org/
10.4274/tjh.galenos.2020.2020.0243.
98. Zhang Y, Pisano M, Li N, Tan G, Sun F, Cheng Y, et al. Exosomal circRNA
as a novel potential therapeutic target for multiple myeloma-related
peripheral neuropathy. Cell Signal. 2021;78:109872. Epub 2020/12/09.
https://doi.org/10.1016/j.cellsig.2020.109872.
99. Sun R, Liu W, Zhao Y, Chen H, Wang Z, Zhang Y, et al. Exosomal circRNA
as a novel potential therapeutic target for multiple myeloma-related
myocardial damage. Cancer Cell Int. 2021;21(1):311. Epub 2021/06/15.
https://doi.org/10.1186/s12935-021-02011-w.
100. Taga T, Tomizawa D, Takahashi H, Adachi S. Acute myeloid leukemia in
children: Current status and future directions. Pediatr Int. 2016;58(2):71–
80. Epub 2015/12/10. https://doi.org/10.1111/ped.12865.
101. Tarlock K, Meshinchi S. Pediatric acute myeloid leukemia: biology and therapeutic implications of genomic variants. Pediatr Clin North Am. 2015;62(1):75–93.
Epub 2014/12/02. https://doi.org/10.1016/j.pcl.2014.09.007.
102. Ping L, Jian-Jun C, Chu-Shu L, Guang-Hua L, Ming Z. Silencing of
circ_0009910 inhibits acute myeloid leukemia cell growth through
increasing miR-20a-5p. Blood Cells Mol Dis. 2019;75:41–7. Epub
2019/01/07. https://doi.org/10.1016/j.bcmd.2018.12.006.
103. Cao HX, Miao CF, Sang LN, Huang YM, Zhang R, Sun L, et al. Circ_0009910 promotes imatinib resistance through ULK1-induced autophagy by sponging
miR-34a-5p in chronic myeloid leukemia. Life Sci. 2020;243:117255. Epub
2020/01/11. https://doi.org/10.1016/j.lfs.2020.117255.
104. Hallek M. Chronic lymphocytic leukemia: 2017 update on diagnosis, risk
stratification, and treatment. Am J Hematol. 2017;92(9):946–65. Epub
2017/08/08. https://doi.org/10.1002/ajh.24826.
105. Terpos E, Ntanasis-Stathopoulos I, Christoulas D, Bagratuni T,
Bakogeorgos M, Gavriatopoulou M, et al. Semaphorin 4D correlates with increased bone resorption, hypercalcemia, and disease
stage in newly diagnosed patients with multiple myeloma. Blood
Cancer J. 2018;8(5):42. Epub 2018/05/12. https://doi.org/10.1038/
s41408-018-0075-6.
106. Plummer C, Driessen C, Szabo Z, Mateos MV. Management of
cardiovascular risk in patients with multiple myeloma. Blood
Cancer J. 2019;9(3):26. Epub 2019/02/28. https://doi.org/10.1038/
s41408-019-0183-y.

Page 15 of 15

107. Fu Y, Liu X, Zhang F, Jiang S, Liu J, Luo Y. Bortezomib-inducible long
non-coding RNA myocardial infarction associated transcript is an
oncogene in multiple myeloma that suppresses miR-29b. Cell Death
Dis. 2019;10(4):319. Epub 2019/04/11. https://doi.org/10.1038/
s41419-019-1551-z.
108. Richardson PG, Delforge M, Beksac M, Wen P, Jongen JL, Sezer O, et al.
Management of treatment-emergent peripheral neuropathy in multiple myeloma. Leukemia. 2012;26(4):595–608. Epub 2011/12/24. https://
doi.org/10.1038/leu.2011.346.
109. Zhao SY, Wang J, Ouyang SB, Huang ZK, Liao L. Salivary Circular RNAs
Hsa_Circ_0001874 and Hsa_Circ_0001971 as Novel Biomarkers for
the Diagnosis of Oral Squamous Cell Carcinoma. Cell Physiol Biochem.
2018;47(6):2511–21. Epub 2018/07/11. https://doi.org/10.1159/00049
1624.
110. Dumache R. Early diagnosis of oral squamous cell carcinoma by salivary
microRNAs. Clin Lab. 2017;63(11):1771–6. https://doi.org/10.7754/Clin.
Lab.2017.170607.
111. He F, Zhong X, Lin Z, Lin J, Qiu M, Li X, et al. Plasma exo-hsa_circRNA_0056616: a potential biomarker for lymph node metastasis in
lung adenocarcinoma. J Cancer. 2020;11(14):4037–46. https://doi.org/
10.7150/jca.30360.
112. Pan B, Qin J, Liu X, He B, Wang X, Pan Y, et al. Identification of serum exosomal hsa-circ-0004771 as a novel diagnostic biomarker of colorectal
cancer. Front Genet. 2019;10:1096. https://doi.org/10.3389/fgene.2019.
01096.
113. Zhao Z, Ji M, Wang Q, He N, Li Y. Circular RNA Cdr1as Upregulates
SCAI to Suppress Cisplatin Resistance in Ovarian Cancer via miR-1270
Suppression. Mol Ther Nucleic Acids. 2019;18:24–33. Epub 2019/09/04.
https://doi.org/10.1016/j.omtn.2019.07.012.
114. Zhang H, Li M, Zhang J, Shen Y, Gui Q. Exosomal Circ-XIAP Promotes
Docetaxel Resistance in Prostate Cancer by Regulating miR-1182/
TPD52 Axis. Drug Des Devel Ther. 2021;15:1835–49. Epub 2021/05/13.
https://doi.org/10.2147/DDDT.S300376.
115. Ding C, Yi X, Wu X, Bu X, Wang D, Wu Z, et al. Exosome-mediated transfer of circRNA CircNFIX enhances temozolomide resistance in glioma.
Cancer Lett. 2020;479:1–12. Epub 2020/03/21. https://doi.org/10.1016/j.
canlet.2020.03.002.
116. Zhao M, Xu J, Zhong S, Liu Y, Xiao H, Geng L, et al. Expression profiles
and potential functions of circular RNAs in extracellular vesicles isolated
from radioresistant glioma cells. Oncol Rep. 2019;41(3):1893–900.
https://doi.org/10.3892/or.2019.6972.
117. Geng X, Lin X, Zhang Y, Li Q, Guo Y, Fang C, et al. Exosomal circular RNA
sorting mechanisms and their function in promoting or inhibiting
cancer. Oncol Lett. 2020;19(5):3369–80. https://doi.org/10.3892/ol.2020.
11449.
118. Hsiao KY, Lin YC, Gupta SK, Chang N, Yen L, Sun HS, et al. Noncoding
effects of circular RNA CCDC66 promote colon cancer growth and
metastasis. Cancer Res. 2017;77(9):2339–50. https://doi.org/10.1158/
0008-5472.CAN-16-1883.
119. He JH, Li YG, Han ZP, Zhou JB, Chen WM, Lv YB, et al. The CircRNAACAP2/Hsa-miR-21–5p/ Tiam1 Regulatory Feedback Circuit Affects the
Proliferation, Migration, and Invasion of Colon Cancer SW480 Cells. Cell
Physiol Biochem. 2018;49(4):1539–50. Epub 2018/09/14. https://doi.
org/10.1159/000493457.
120. Wang X, Zhang H, Yang H, Bai M, Ning T, Deng T, et al. Exosome-delivered circRNA promotes glycolysis to induce chemoresistance through
the miR-122-PKM2 axis in colorectal cancer. Mol Oncol. 2020;14(3):539–
55. Epub 2020/01/05. https://doi.org/10.1002/1878-0261.12629.
121. Li S, Yao J, Xie M, Liu Y, Zheng M. Exosomal miRNAs in hepatocellular
carcinoma development and clinical responses. J Hematol Oncol.
2018;11(1):54. https://doi.org/10.1186/s13045-018-0579-3.
122. Dragomir M, Chen B, Calin GA. Exosomal lncRNAs as new players in cellto-cell communication. Transl Cancer Res. 2018;7(Suppl 2):S243-S52.
Epub 2018/08/28. https://doi.org/10.21037/tcr.2017.10.46.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

