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ABSTRACT

Stem cells are a class of undifferentiated cells with great self-renewal and differentiation capabilities that
can differentiate into mature cells in specific tissue types. Stem cell differentiation plays critical roles in
body homoeostasis, injury repair and tissue generation. The important functions of stem cell differentia-
tion have resulted in numerous studies focusing on the complex molecular mechanisms and various
signalling pathways controlling stem cell differentiation. Circular RNAs (circRNAs) are a novel class of
noncoding RNAs with a covalently closed structure present in eukaryotes. Numerous studies have
highlighted important biological functions of circRNAs, and they play multiple regulatory roles in various
physiological and pathological processes. Importantly, multiple lines of evidence have shown the
abnormal expression of numerous circRNAs during stem cell differentiation, and some play a role in
regulating stem cell differentiation, highlighting the role of circRNAs as novel biomarkers of stem cell
differentiation and novel targets for stem cell-based therapy. In this review, we systematically summarize
and discuss recent advances in our understanding of the roles and underlying mechanisms of circRNAs
in modulating stem cell differentiation, thus providing guidance for future studies to investigate stem
cell differentiation and stem cell-based therapy.

Abbreviations: CircRNAs: circular RNAs; ESCs: embryonic stem cells; ADSCs: adipose-derived mesench-
ymal stem cells; ecircRNAs: exonic circRNAs; EIciRNAs: exon-intron circRNAs; eiRNAs: circular intronic
RNAs; tricRNAs: tRNA intronic circRNAs; pol Il: polymerase II; snRNP: small nuclear ribonucleoprotein;
m6A: N6-methyladenosine; AGO2: Argonaute 2; RBPs: RNA-binding proteins; MBNL: muscleblind-like
protein 1; MSCs: mesenchymal stem cells; hiPSCs: human induced pluripotent stem cells; hiPSC-CMs:
hiPSC-derived cardiomyocytes; hBMSCs: human bone marrow mesenchymal stem cells; hADSCs: human
adipose-derived mesenchymal stem cells; hDPSCs: human dental pulp stem cells; RNA-seq: high-
throughput RNA sequencing; HSCs: haematopoietic stem cells; NSCs: neural stem cells; EpSCs: epidermal
stem cells; hESCs: human embryonic stem cells; mESCs: murine embryonic stem cells; MNs: motor
neurons; SSUP: small subunit processome; BMSCs: bone marrow-derived mesenchymal stem cells;
OGN: osteoglycin; GIOP: glucocorticoid-induced osteoporosis; CDR1as: cerebellar degeneration-related
protein 1 transcript; SONFH: steroid-induced osteogenesis of the femoral head; rBMSCs: rat bone
marrow-derived mesenchymal stem cells; QUE: quercetin; AcvR1b: activin A receptor type 1B; BSP:
bone sialoprotein; mADSCs: mouse ADSCs; PTBP1: polypyrimidine tract-binding protein; ER: endoplasmic
reticulum; hUCMSCs: MSCs derived from human umbilical cord; MSMSCs: maxillary sinus membrane
stem cells; SCAPs: stem cells from the apical papilla; MyoD: myogenic differentiation protein 1; MSTN:
myostatin; MEF2C: myocyte enhancer factor 2C; BCLAF1: BCL2-associated transcription factor 1; EpSCs:
epidermal stem cells; ISCs: intestinal stem cells; NSCs: neural stem cells; Lgr5+ ISCs: crypt base columnar
cells; ILCs: innate lymphoid cells.
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1. Introduction

Stem cells are a group of cells with the capability to self-renew
and differentiate that can evolve into specialized cellular
populations through differentiation. Stem cell differentiation
enables stem cells to change from a non-specific state to
a morphologically and functionally specific state, thus form-
ing different tissues and organs in the body [1]. Stem cells are
mainly classified into two groups: embryonic stem cells
(ESCs) and somatic stem cells. Stem cells participate in var-
ious physiological and pathological processes, such as tissue
development, wound healing and tumorigenesis [1,2]. Normal

stem cell differentiation plays a pivotal function in homoeos-
tasis in the body, and abnormal stem cell self-renewal and
differentiation can lead to human malignancy. Currently,
stem cells have been widely applied in regeneration medicine
to treat conditions such as bone fracture, neurological disor-
ders and haematopoietic defects. For example, several clinical
trials have identified the clinical feasibility of adipose-derived
mesenchymal stem cell (ADSC)-based therapy for bone
regeneration or reconstruction [3,4]. To date, the regulatory
mechanisms controlling stem cell differentiation have been
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extensively investigated by various studies and include various
cellular components, signalling pathways and epigenetic mod-
ifications [5,6]. However, the detailed mechanisms and regu-
latory networks of stem cell differentiation have not been
conclusively determined.

Circular RNAs (circRNAs) are a novel class of noncoding
RNAs with a covalently closed-loop structure and tissue-
specific and cell-specific expression patterns in eukaryotes
[7]. In 1976, circRNAs were first discovered in RNA viruses
using electron microscopy [8]. In contrast to the biogenesis of
mRNAs, circRNAs are formed by a back-splicing process
between the 5’ splice donor site and 3’ splice acceptor site.
Most circRNAs are derived from protein-coding genes and
contain one or more exons. CircRNAs are mainly classified
into exonic circRNAs (ecircRNAs), exon-intron circRNAs
(EIciRNAs), circular intronic RNAs (ciRNAs) and tRNA
intronic circRNAs (tricRNAs) based on different splicing
processes [9,10]. The biogenesis of circRNAs has been pro-
posed to compete with the linear pre-mRNA splicing process
and is regulated by multiple cis-elements and trans-factors
[11]. However, several studies report controversial points
that both linear and circular forms of the same host gene
have the same expression pattern and are regulated in similar
manners in several cellular contexts. For example, both linear
and circular CDKN2B-AS1 are downregulated in inflamma-
tory bowel disease and play a role in regulating intestinal
barrier formation together [12]. In addition, some EIciRNAs
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and ciRNAs directly target RNA polymerase II (pol II) or the
essential splicing factor Ul small nuclear ribonucleoprotein
(snRNP), thereby promoting the linear pre-mRNA splicing
and transcription of their host genes [9,13]. Following biogen-
esis, most circRNAs, except intron-containing circRNAs, are
exported to the cytoplasm by ATP-dependent RNA helicase
DDX39A and spliceosome RNA helicase DDX39B based on
their different lengths [14]. The mechanisms of circRNA turn-
over are still inconclusive, and only a few recent studies have
proposed some hypotheses. For example, circRNAs contain-
ing the N6-methyladenosine (m6A) RNA modification may
be degraded in an endonuclease-dependent manner [15].
Additionally, argonaute protein-dependent cleavage may be
another method of circRNA degradation. Notably, miR-671
binds to a highly complementary miRNA binding site in
CDRIas, thus inducing its cleavage via Argonaute 2 (AGO2)
[16,17].

Emerging evidence suggests that circRNAs have multiple
biological functions (Fig. 1). The most extensively investigated
biological function of circRNAs is to serve as sponges of
miRNAs and thus attenuate their effects on downstream tar-
gets [18]. CDR1las, which is perhaps the most representative
circRNA, contains more than 70 target sites for miR-7 and has
been found to sponge miR-7 in several cellular contexts
[19,20]. According to a previous report, circITCH functions
as a sponge for several different miRNAs, including miR-7,
miR-17 and miR-214, thus increasing the expression of
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Figure 1. Biogenesis and functions of circRNAs. A. The biogenesis of circRNAs: CircRNAs are formed by a noncanonical back-splicing process that competes with
linear premRNA splicing. B. Biological functions of circRNAs: a. CircRNAs can function as miRNA sponges to regulate the expression of relevant target genes. b.
CircRNAs containing RNA binding protein (RBP) binding motifs can interact with proteins. ¢. CircRNAs can function as protein scaffolds to facilitate the colocalization
of enzymes and their substrates. d. CircRNAs can enhance gene transcription by interacting with RNA pol Il or UT small nuclear snRNP. e. CircRNAs can be translated
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downstream targets [21]. In addition, several circRNAs, such
as circMbl, directly interact with different RNA-binding pro-
teins (RBPs) to regulate RBP-dependent functions. For exam-
ple, circMbl has many binding sites for muscleblind-like
protein 1 (MBNLI), and MBNLI affects the biogenesis of
circMbl [22]. Meanwhile, a few circRNAs, such as
circAmotll and circFoxo3, function as protein scaffolds to
promote substrate-enzyme colocalization, subsequently med-
iating various cellular processes [23,24]. Moreover, very recent
studies have shown that some circRNAs, including circMbl,
circFBXW?7, circZNF609 and circSHPRH, are translated into
proteins. However, the detailed mechanisms underlying the
translation of these circRNAs are still unknown. Recently,
m6A was shown to potentially promote this biological func-
tion of circRNAs [25-27]. Because circRNAs have multiple
biological functions, they likely play crucial roles in both
normal physiological processes and diverse human diseases,
such as human malignancy, neurological disorders and cardi-
ovascular diseases [28,29]. Furthermore, circRNAs are char-
acterized as extremely stable molecules, and thus multiple
circRNAs may serve as biomarkers of both physiological and
pathological processes. For example, the promising roles of
circ_0000711, circPVT1 and circHIPK3 as prognostic and
clinical biomarkers for various human cancers has been

tissues and cell types. Notably, an increasing number of stu-
dies have reported circRNA profiles during the differentiation
of diverse stem cell types, such as ESCs, mesenchymal stem
cells (MSCs) and myoblasts (Table 1) [33-35]. For instance,
Lei et al. identified 5602 circRNAs in human induced plur-
ipotent stem cells (hiPSCs) and hiPSC-derived cardiomyo-
cytes (hiPSC-CMs), with 1612 expressed in hiPSCs, 4260
expressed in hiPSC-CMs and 270 expressed in both, using
high-throughput sequencing. Further investigations indicated
that circSLC8A1, circCACNAI1D and circSPHKAP may serve
as novel biomarkers of the cardiogenesis of hiPSCs [36]. With
regard to bone marrow mesenchymal stem cells (BMSCs),
upregulation of 21 circRNAs and downregulation of 21
circRNAs during osteogenic differentiation and upregulation
of 130 circRNAs and downregulation of 97 circRNAs during
chondrogenic differentiation have been identified in human
bone marrow mesenchymal stem cells (hBMSCs).
Furthermore, upregulation of circular FKBP5 is observed dur-
ing both the osteogenesis and chondrogenesis of hBMSCs,
and dexamethasone alters the expression of circular FKBP5
during differentiation [37]. The microarray profile of human
dental pulp stem cells (hDPSCs) revealed that 43 circRNAs
are upregulated and 144 circRNAs are downregulated during
the odontogenic differentiation process. The qRT-PCR analy-

reported in several studies [30-32]. sis results confirmed that hsa_circRNA_104101,
With the rapid development of bioinformatics analysis hsa_circRNA_406763, hsa_circRNA_002161, and
tools and high-throughput RNA sequencing in recent dec- hsa_circRNA_005044 are upregulated, while
ades, thousands of circRNAs have been identified in different hsa_circRNA_079813 and  hsa_circRNA_008336  are
Table 1. CircRNAs profiles in stem cell differentiation.
Cells Species Differentiation Methods Results Ref
IPSCs Homo sapiens Cardiogenesis  High-throughput 320 differentially expressed [42]
sequencing
IPSCs Homo sapiens Cardiogenesis  High-throughput 1612 expressed in hiPSCs, 4260 expressed in the hiPSC-CMs and 270 expressed [36]
sequencing in common
MC3T3-E1 Mus musculus  Osteogenesis High-throughput 74 upregulated and 84 downregulated [43]
cells sequencing
BMSCs Homo sapiens  Osteogenesis High-throughput 21 upregulated and 21 downregulated [37]
sequencing
BMSCs Homo sapiens  Chondrogenesis High-throughput 130 upregulated and 97 downregulated [37]
sequencing
BMSCs Homo sapiens  Osteogenesis Microarray 3938 upregulated and 1505 [63]
Downregulated
ADSCs Homo sapiens  Osteogenesis Hierarchical clustering 150 upregulated and 60 downregulated [72]
analysis
ADSCs Homo sapiens  Osteogenesis Microarray 171 upregulated and 119 [44]
Downregulated
ADSCs Mus musculus  Osteogenesis Microarray 40 upregulated and 3 downregulated [69]
DPSCs Homo sapiens  Ondotogenesis  Microarray 43 upregulated and 144 downregulated [38]
PDLSCs Homo sapiens  Osteogenesis High-throughput 766 upregulated and 690 downregulated [79]
sequencing
UCMSCs Homo sapiens Cardiogenesis ~ Microarray 127 upregulated and 99 downregulated [83]
SCAPs Homo sapiens  Osteogenesis High-throughput 333 unregulated and 317 downregulated [45]
sequencing
Myoblasts ~ Mus musculus  Myogenesis High-throughput 370 differentially expressed [46]
sequencing
Myoblasts Mus musculus  Myogenesis Microarray 346 upregulated and 235 downregulated [39]
EpSCs Homo sapiens  Keratogenesis  High-throughput 402 expressed in EpSCs and 563 expressed in [35]
sequencing differentiated keratinocytes
NSCs Mus musculus  Neurogenesis  High-throughput 37 differentially expressed [47]
sequencing
NSCs Rattus Neurogenesis  High-throughput 471 upregulated and 508 [48]
norvegicus sequencing Downregulated
HSCs Homo sapiens Haematopoiesis RNA-seq data set 489 upregulated [49]

IPSCs: induced pluripotent stem cells BMSCs: bone marrow-derived mesenchymal stem cells, ADSCs: adipose-derived mesenchymal stem cells, DPSCs: dental pulp
stem cells, PDLSCs: periodontal ligament stem cells, UCMCs: MSCs derived from umbilical cord, SCAPs: stem cells from the apical papilla, EpSCs: epidermal stem

cells, NSCs: neural stem cells, HSCs: haematopoietic stem cells.



downregulated during odontogenic differentiation of hDPSCs
[38]. Five hundred eighty-one circRNAs were evidently dif-
ferentially expressed in C2C12 myoblast cells, with 346 upre-
gulated and 235 downregulated compared with myotubes,
using a mouse circRNA microarray. Among these circRNAs,
circRNA_34451 regulates the myogenesis-specific genes
Mef2a, Myh7b, and Myog, and circRNA_19008 regulates
Mef2a, Myhl, and Mpyog, indicating the important roles of
these circRNAs in the differentiation of C2C12 myoblasts
[39]. In addition to the studies described above, many other
studies focusing on dysregulated circRNAs during the differ-
entiation of multiple stem cell types, such as haematopoietic
stem cells (HSCs), neural stem cells (NSCs) and epidermal
stem cells (EpSCs), are also listed in Table 1. In summary,
these research results strongly indicate that a large number of
circRNAs are dysregulated during the differentiation of
diverse stem cell types. In particular, several circRNAs were
identified to play a potential role in stem cell differentiation
through complex mechanisms. Several circRNAs, such as
CDR1as, circFOXP1 and circZNF91, have been reported to
regulate stem cell differentiation in different lineages through
circRNA-miRNA-mRNA  interaction networks, protein
sponges and various signalling pathways, such as the PI3K-
Akt, MAPK and Wnt signalling pathways [40,41].

In this review, we systematically summarize the roles of
circRNAs in regulating the differentiation of diverse stem cell
types and the underlying mechanisms, thus highlighting the
potential role of circRNAs as biomarkers of stem cell differ-
entiation and circRNA-based stem cell therapy for regenera-
tive medicine.

2. CircRNAs in stem cell differentiation
2.1 CircRNAs in embryonic stem cell (ESC) differentiation

Embryonic stem cells (ESCs), which are derived from the
inner cell mass (ICM), possess an outstanding capability of
self-renewal and pluripotency and can differentiate into
diverse cell lineages [50]. Numerous studies have investigated
the regulation of the pluripotency and differentiation of ESCs,
including the involvement of circRNAs. Notably, a number of
circRNAs are enriched in undifferentiated human embryonic
stem cells (hESCs), and the expression of these circRNAs may
be correlated with the pluripotency and differentiation of
hESCs. Further investigation indicates that circBIRC6 and
circCOROIC are involved in regulating the pluripotency
and differentiation of hESCs. Downregulation of circBIRC6
or circCOROIC has been shown to impair pluripotency and
promote the differentiation of hESCs. Mechanistically, miR-
34a and miR-145 are the direct targets of circBIRC6 involved
in regulating hESC pluripotency. As shown in previous stu-
dies, miR-34a and miR-145 promote hESC differentiation by
inhibiting the expression of several pluripotency-associated
genes, such as OCT4, SOX2, and KLF4. Therefore,
circBIRC6 maintains pluripotency and inhibits the differen-
tiation of hESCs induced by miR-34a and miR-145. Moreover,
NANOG and OCT4 have been shown to increase the expres-
sion of the splicing factor ESRP1, which induces the genera-
tion of circBIRC6 in hESCs, thus promoting hESC
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pluripotency [51]. In murine embryonic stem cells (mESCs),
the RNA-binding protein FUS controls the motor neuron
(MN) differentiation of mESCs by regulating the expression
of multiple circRNAs. Fourteen downregulated and 5 upregu-
lated circRNAs were detected during the MN differentiation
of mESCs. More investigations are needed to identify the role
and molecular mechanisms of FUS and specific circRNAs in
mESC MN differentiation [52]. In addition, several RBPs have
been identified to play a role in maintaining mESC pluripo-
tency, and some RBPs, such as Krrl and Ddx47, are compo-
nents of the small subunit processome (SSUP) that modulates
the biogenesis of 185 rRNA. SSUP components are expressed
in stem cells and regulate stem cell pluripotency. Because
circRNAs function as sponges or decoys of RBPs and mod-
ulate RBP-mediated functions, circRNAs may modulate
mESC differentiation by regulating SSUP components [53].

2.2 CircRNAs in mesenchymal stem cell (MSC)
differentiation

Mesenchymal stem cells (MSCs), a type of pluripotent stem
cell, reside in various adult tissues, such as bone marrow,
adipose tissue and dental pulp. MSCs have the ability to
differentiate into specific cell types, including osteoblasts,
adipocytes and chondrocytes [54]. Genetic and epigenetic
regulation of the differentiation of MSCs has been investi-
gated in numerous studies. Very recently, a number of
circRNAs have been shown to be dysregulated in MSCs and
may participate in MSC differentiation (Fig. 2).

2.2.1 CircRNAs in bone marrow-derived mesenchymal stem
cell (BMSCQ) differentiation

Bone marrow-derived mesenchymal stem cells (BMSCs) are
a population of MSCs that reside in the bone marrow and
differentiate into a limited number of cell types, such as
osteoblasts. Due to their advantages in accessibility and the
potential for differentiation and expansion, BMSCs have been
widely used in the treatment of human disorders, such as
bone defects [55]. For example, after bone fracture, BMSCs
migrate to the fracture site, secrete numerous extracellular
matrix components and differentiate into osteoblasts, thus
promoting bone fracture healing [56]. The role of circRNAs
in modulating BMSC differentiation has been explored in
several studies (Table 2). For instance, circDABI1, which is
derived from exon 8 of the DABI gene and is expressed at
high levels during BMSC osteogenesis, promotes BMSC pro-
liferation and osteogenesis. By upregulating RBPJ through
sponging miR-1270 and miR-944, circDABI1 facilitates the
osteogenic differentiation of BMSCs. Moreover, circDAB1
upregulates DABI expression by inducing RBP] expression
in BMSCs, indicating the regulatory role of the circDAB1/
miR-1270/miR-944/RBPJ/DABI1 axis in BMSC proliferation
and osteogenesis [57]. A crucial role for hsa_irc_0074834,
which was evidently downregulated in BMSCs from bone
non-union samples, has been identified in BMSC differentia-
tion. Notably, hsa_circ_0074834 serves as a sponge RNA for
miR-942-5p and promotes BMSC osteogenic differentiation
by attenuating the inhibitory effects of miR-942-5p on ZEB1
and VEGF. Furthermore, hsa_circ_0074834 has also been
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Figure 2. Roles and regulatory mechanisms of circRNAs in MSCs osteogenesis. Several circRNAs can promote or inhibit MSCs osteogenesis through sponging miRNAs
and regulating expression of potential target genes and related signalling pathway.

Table 2. CircRNAs in bone marrow-derived mesenchymal stem cell
differentiation.
Target miRNA target
CircRNA Function miRNA genes/protein  Ref
CircDAB1 Osteogenesis miR-1270  RBPJ [57]
(+) miR-944
Hsa_circ_0074834 Osteogenesis miR-942-5p ZEB1 and VEGF [58]
(+)
Hsa_circ_0076906 Osteogenesis miR-1305 OGN [59]
(+)
CircRNA_0006393 Osteogenesis miR-145-5p FOXO1 [60]
(+)
CDR1as Osteogenesis (-) miR-7-5p WNT5B [41]
Adipogenesis
(+)
2:27,713,879| Osteogenesis miR-328-5p PI3K-Akt, [61]
27,755,789 (+) MAPK, TGF-
2:240,822,115| B and Wnt
240,867,796
CirclGSF11 Osteogenesis (-) miR-199b- [63]
5p
Hsa_circ_0127781 Osteogenesis (-) miR-335- [63]
5p, miR-
210-5p

shown to enhance osteogenic differentiation of BMSCs and
bone regeneration in vivo, indicating the potential role of
hsa_circ_0074834 in the treatment of bone non-union [58].
The osteogenic potential of hsa_circ_0076906 in osteoporosis
has been reported recently. The expression of hsa_-
circ_0076906 is decreased in both bone tissue and serum in
the osteoporosis group compared with the normal group, and
it is upregulated during hBMSC osteogenesis. Additionally,
knockdown of hsa_circ_0076906 decreases the expression of
the osteogenesis-related genes OCN and RUNX2 to inhibit the
osteogenic differentiation of hBMSCs. Furthermore, hsa_-
circ_0076906 promotes osteogenesis by sponging miR-1305
to induce the expression of the osteoglycin (OGN) gene, which
enhances bone formation [59]. Patients with glucocorticoid-
induced osteoporosis (GIOP) exhibit the downregulation of
circRNA_0006393. Mechanistically, circRNA_0006393 pro-
motes osteogenesis by sponging miR-145-5p to induce
FOXO1I expression in human BMSCs. Further in vivo studies
indicated that hsa_circ_0006393 overexpression increases the

bone mineral density (BMD) and RUNX2 and BMP2 expres-
sion in a GIOP model [60]. Cerebellar degeneration-related
protein 1 transcript (CDRlas), a well-investigated circRNA,
has been found to play pivotal roles in diverse physiological
and pathological processes. It potentially exerts its effects by
sponging several miRNAs, mainly miR-7. The functional roles
of CDRlas in stem cell differentiation have been widely
investigated. CDR1as, which is upregulated in BMSCs from
samples of steroid-induced osteonecrosis of the femoral head
(SONFH), regulates the osteogenesis and adipogenesis of
SONFH-BMSCs. By sponging miR-7-5p to induce WNT5B
expression, CDR1as inhibits osteogenesis while improving the
adipogenesis of SONFH-BMSCs in vitro [41]. These functions
of circRNAs under pathological conditions provide novel
insights into the regulatory mechanisms of disorders related
to BMSC differentiation and may serve as promising diagnos-
tic biomarkers and therapeutic targets for these disorders.
Several circRNAs have been shown to interact with oestrogen
receptors to regulate the differentiation of rat BMSCs
(rBMSCs). ERP knockdown inhibits osteogenesis-related
gene expression in rBMSCs. Mechanistically, ERp may pro-
mote the osteogenesis of rBMSCs by regulating several
circRNAs. Circ2:27,713,879|27,755,789 and 2:240,822,115|
240,867,796 are further predicted to function as ceRNAs of
miR-328-5p to modulate the PI3K-Akt, MAPK, TGF- and
Whnt signalling pathways, thereby regulating rBMSC osteogen-
esis [61]. The hypothesis on the role of these circRNAs in
regulating rBMSC osteogenesis has not been verified in
experiments and in-depth explorations are needed. Similarly,
quercetin (QUE), a member of the class of flavones, promotes
the osteogenesis and adipogenesis of ERa-deficient rBMSCs
by regulating the expression of some circRNAs. Further stu-
dies indicate that ERa and QUE may regulate rBMSC differ-
entiation through the circRNA-miR-326-5p-mRNA axis, and
miR-326-5p potentially serves as a regulator of ERa and QUE
in turn [62]. However, the evidence for the regulatory
circRNA-miR-326-5p-mRNA axis in rBMSC differentiation
is still weak, and more research is required to confirm the
underlying mechanisms. In contrast, circIGSF11, which is



Table 3. CircRNAs in adipose-derived mesenchymal stem cell differentiation.

Target miRNA target genes/
CircRNA Function miRNA protein Ref
CircFOXP1 Osteogenesis  miR-33a-5p FOXP1 [66]
(+)
CircRNA- Osteogenesis ~ miR-30a-3p  RUNX2 [33]
23,525 (+)
CircRNA-vgll3 Osteogenesis  miR-326-5p Integrin a5 [67]
(+)
CircRFWD2 Osteogenesis ~ miR-6817- RUNX2 and BSP [68]
(+) 5p
Hsa_circH19  Osteogenesis PTBP1 [71]
)
CircMCM3AP  Osteogenesis  miR-6881-  Smadé6 and Chordin [72]
CircPOMT1 =) 3p

downregulated during hBMSC osteogenesis, exerts a negative
effect on hBMSC osteogenesis. Knockdown of circIGSF11
promotes the osteogenic differentiation of hBMSCs by spong-
ing miR-199b-5p [63]. Similarly, hsa_circ_0127781 may exert
an analogous effect on hBMSC osteogenesis by inhibiting the
expression of both miR-335-5p and miR-210-5p. Previous
studies have shown that miR-335-5p and miR-210-5p induce
osteogenesis by inhibiting DKK1 and activin A receptor type
1B (AcvR1Db), respectively [63]. Future studies are warranted
to validate the exact role of hsa_circ_0127781 in regulating
hBMSC osteogenesis.

2.2.2 CircRNAs in adipose-derived mesenchymal stem cell
(ADSC) differentiation

Adipose-derived mesenchymal stem cells (ADSCs) are a class
of MSCs residing in the stromal-vascular section of adipose
tissue. Compared with human BMSCs, human ADSCs have
a stronger capacity for proliferation and maintain the poten-
tial to differentiate for a long time in culture [64,65]. Since the
first identification in 2001, the promising role of ADSCs in
tissue engineering and regeneration medicine has been inves-
tigated in numerous studies. However, the limited differentia-
tion capability of ADSCs has become an obstacle to the
clinical application of ADSCs. Several circRNAs have been
shown to be associated with the differentiation of ADSCs
(Table 3). For example, circFOXP1 has been reported to be
expressed at high levels during hADSC osteogenesis in osteo-
porosis bone tissues. Mechanistically, circFOXP1 enhances
hADSC osteogenic differentiation by sponging miR-33a-5p
to upregulate FOXP] expression both in vivo and in vitro.
Therefore, circFOXP1 may be a promising candidate target
for hADSC-based therapy in osteoporosis treatment [66].
Another circRNA that is overexpressed during the osteoblas-
tic differentiation of ADSCs is circRNA-23,524. It sponges
miR-30a-3p to induce the expression of RUNX2, ALP and
OCN, thus facilitating osteogenesis in ADSCs [33]. Similarly,
circRNA-vgll3 also increases the osteogenic differentiation
ability of hADSCs, and miR-326-5p is the direct target of
circRNA-vgll3. CircRNA-vgll3 has been found to serve as
a ceRNA of miR-326-5p to stimulate the expression of integ-
rin a5, a critical regulator of the ECM and osteoprogenitors,
thus promoting osteogenesis in hADSCs [67]. Both
circREWD?2 and circINO80 have also been suggested to posi-
tively regulate NELL-1-induced osteogenesis in hADSCs.
Mechanistically, circRFWD2 and circINO80 may function as
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sponges of miR-6817-5p, which inhibits the expression of
RUNX2 and bone sialoprotein (BSP) in hADSCs [68].
During the osteogenesis of mouse ADSCs (mADSCs),
mmu_circRNA_ 013422 and mmu_circRNA_22566 are upre-
gulated and are proposed to play a role in mADSC differen-
tiation. The circRNA-miRNA network revealed miR-338-3p
as a direct target of mmu circRNA 013422 and
mmu_circRNA_22566. Previous research has documented
the inhibitory effect of miR-338-3p on mBMSC osteogenesis
via the suppression of Runx2 and Fgfr2 [69,70]. Future studies
should focus on the exact mechanisms by which
mmu_circRNA_013422 and mmu_circRNA_22566 regulate
mADSC osteogenesis mediated by miR-338-3p, which may
provide novel mechanisms and targets for bone regeneration
and formation treatment.

In contrast, several circRNAs inhibit the differentiation
of ADSCs. In hADSCs from patients with metabolic syn-
drome, knockdown of hsa_circH19 has been found to
enhance  adipogenesis  and  lipid  accumulation.
Mechanistically, hsa_circH19 may inhibit polypyrimidine
tract-binding protein 1 (PTBP1) to suppress SREBP1 pre-
cursor cleavage [71]. Similarly, decreased expression of
circMCM3AP and circPOMT1 has been observed during
the osteogenesis of hADSCs. Furthermore, hsa-miR-6881-
3p facilitates hADSC osteogenesis, and Smad6 and Chordin,
two negative regulators of BMPs, are considered direct
targets of hsa-miR-6881-3p. Additionally, the expression
of circMCM3AP and circPOMTI is negatively associated
with hsa-miR-6881-3p, thus indicating that circMCM3AP
and circPOMT1 may play inhibitory roles in hADSC osteo-
genesis by upregulating Smad6 and Chordin expression
through a mechanism mediated by hsa-miR-6881-3p [72].
The roles of circMCM3AP and circPOMT1 in regulating
hADSC osteogenesis are only predictions, and in-depth
exploration is needed to reveal the underlying mechanisms
by which these two circRNAs exert their effects.

2.2.3 CircRNA in dental pulp stem cell (DPSC)
differentiation

Dental pulp stem cells (DPSCs) are a type of multipotent stem
cell that develops from dental pulp tissues. DPSCs have strong
self-renewal and multi-differentiation abilities with promising
potential for use in regenerative medicine and bone disease
treatment [73]. Multiple circRNAs promote DPSC differentia-
tion, such as circSIPA1L1, circLPAR1 and circRNA124534
(Table 4). During the osteogenic differentiation of DPSCs,
upregulation of circSIPA1L1 and downregulation of miR-

Table 4. CircRNAs in dental pulp stem cell differentiation.

Target miRNA target genes/

CircRNA Function miRNA protein Ref

CircSIPATLT Osteogenesis miR-617 Smad3 [74]
(+)

CircLPAR1 Osteogenesis miR-31 SATB2 [75]
(+)

CircRNA124534 Osteogenesis miR-496 B-Catenin [76]
(+)

Hsa_circ_0026827 Osteogenesis miR-188-  Beclin1 and RUNX1 [77]
(+) 3p

Hsa_circ_104101 Odontogenesis DSPP, DMP1, ALP, [38]
(+) and OCN
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Table 5. CircRNAs in periodontal ligament stem cell differentiation.

Target miRNA target genes/
CircRNA Function miRNA protein Ref
CircBANP  Osteogenesis miR-34a MAPK [79]
CircITCH (+) miR-146a
CDR1as Osteogenesis miR-17 GDF5 [80]
(+)
CircCDK8  Osteogenesis [81]

)

617 have been detected. CircSIPA1L1 promotes the osteogen-
esis of DPSCs by sponging miR-617 to induce Smad3 expres-
sion [74]. Similarly, a high level of circLPAR] was identified
in osteogenic-induced DPSC-derived exosomes. Exosomal
circLPAR1 promotes the osteogenic differentiation of
hDPSCs by sponging hsa-miR-31 to activate SATB2 [75].
Recent research also reported the involvement of the
circRNA124534/miR-496/B-Catenin axis in regulating the
osteogenic differentiation of hDPSCs. Exogenous expression
of circRNA124534 promotes the osteogenic differentiation of
hDPSCs by sponging miR-296 to increase -Catenin expres-
sion both in vivo and in vitro [76]. Ji et al. also identified
significantly increased expression of hsa_circ_0026827 during
the osteoblast differentiation of hDPSCs. By functioning as
a sponge of miR-188-3p to upregulate Beclinl and RUNXI
expression, hsa_circ 0026827 was found to enhance the
osteogenic differentiation ability of hDPSCs in vitro. In addi-
tion, hsa_circ_0026827 promotes heterotopic bone formation
in a heterotopic bone model in vivo, suggesting the promising
potential of hsa_circ_0026827 in bone regeneration treatment
[77]. In addition, knockdown of hsa_circ_104101 inhibits the
odontogenic differentiation of hDPSCs by suppressing the
expression of various odontoblastic regulators, including
DSPP, DMP1, ALP, and OCN [38].

2.2.4 CircRNAs in periodontal ligament stem cell (PDLSC)
differentiation

Periodontal ligament stem cells (PDLSCs) have the capacity
for self-renewal and multilineage differentiation and are
MSCs derived from the periodontal ligament. Inspiringly,
PDLSCs are easily harvested and reported to possess
a higher proliferative and self-renewal capacity than BMSCs
and DPSCs, making PDLSCs a promising strategy for tissue
regeneration therapy. PDLSCs play an important role in the
formation of cementum/PDL-like structures, peripheral
nerves, periodontal ligaments and blood vessels [78]. Some
circRNAs are involved in regulating PDLSC differentiation
(Table 5). For instance, circBANP and circITCH are predicted
to regulate PDLSC osteogenesis through the MAPK signalling
pathway by sponging miR-34a and miR-146a [79]. Further
studies are required to elucidate the potential roles and under-
lying mechanisms of these two circRNAs in PDLSC differen-
tiation. Significantly upregulated CDRlas expression and
downregulated miR-17 expression have been detected during
the osteogenic differentiation of PDLSCs. Mechanistically,
CDRlas positively regulates PDLSC osteogenesis by down-
regulating miR-17, subsequently increasing the expression of
the osteogenesis-related gene GDF5. Specifically, knockdown
of GDF5 inhibits osteogenesis and partially represses the

osteogenesis-promoting role of CDRlas in PDLSCs.
Moreover, CDR1las/miR-7/GDF5 may exert osteogenic differ-
entiation-promoting effects on PDLSCs by increasing the
phosphorylation of Smadl/5/8 and p38 MAPK. Further
in vivo experiments have shown that knockdown of CDRlas
inhibits bone formation [80]. These results reveal a novel
CDRI1las/miR-7/GDF5 regulatory axis in PDLSC osteogenesis,
thus providing new therapeutic targets for periodontal tissue
and bone formation. In contrast, circCDK8 has been found to
serve as a negative regulator of PDLSC osteogenesis. Notably,
circCDKS8 was evidently upregulated in PDLSCs treated with
CoCl,, an inducer of hypoxia. A hypoxic environment inhibits
PDLSC osteogenesis and induces the expression of circCDKS,
indicating the potential role of circCDK8 in PDLSC osteogen-
esis. Mechanistically, circCDKS8 inhibits the osteogenesis of
PDLSCs by inducing endoplasmic reticulum (ER) stress and
autophagy, and knockdown of circCDK8 reverses the inhibi-
tory effects of CoCl, on PDLSC osteogenesis [81].

2.2.5 CircRNAs in the differentiation of other MSC types

In addition to the MSC types mentioned above, several
circRNAs have been reported to participate in the differentia-
tion of other MSC types (Table 6). MSCs derived from the
human umbilical cord (hUCMSCs) have remarkable self-
renewal, differentiation and proliferation capacities.
hUCMSCs have the ability to differentiate into various cell
types of the three germ layers and secrete numerous mole-
cules that interact with other cells, such as ESCs and immune
cells, thus exhibiting promising therapeutic potential in
diverse human diseases [82]. Several studies indicate that
some circRNAs are associated with hUCMSC differentiation.
For instance, 127 circRNAs were upregulated and 99
circRNAs were downregulated during the differentiation of
hUCMSCs into cardiomyocyte-like cells. Furthermore, three
circRNAs, circRNA_05432, circRNA_08441 and
circRNA_01536, are suggested to be critical regulators of the
differentiation of hUCMSCs into cardiomyocyte-like cells,
and hsa-miR-3620-5p may be the direct target of these
circRNAs [83]. The roles of these circRNAs in hUCMSC
differentiation are only predicted and worthy of in-depth
research. The involvement of CDR1as in hUCMSC differen-
tiation has also been reported. CDRlas is overexpressed in
hUCMSCs and enhances the adipogenic differentiation

Table 6. CircRNAs in the differentiation of other MSC types.

miRNA
target
Cell Target genes/
CircRNA type Function miRNA protein Ref
CircRNA_05432 hUCMSC Cardiogenesis  has- 3620-5p
CircRNA_08441 (+) miR-
CircRNA_01536
[83]
CDR1as hUCMSC  Adipogenesis [20]
(+)
Hsa_circRNA_33287 MSMSC Osteogenesis  miR- Runx3 [84]
(+) 214-
3p
CircSIPATLT SCAP Osteogenesis ~ miR- ALPL [85]
(+) 204-
5p




capacity in vitro. Moreover, knockdown of CDRlas inhibits
differentiation and proliferation and induces the apoptosis of
hUCMSCs [20]. Maxillary sinus membrane stem cells
(MSMSCs) are a group of MSCs isolated from the maxillary
sinus membrane that are able to differentiate into osteoblasts.
Importantly, hsa_circRNA_33287 promotes the osteogenic
differentiation of MSMSCs by directly targeting Runx3
through miR-214-3p sponging. In vivo experiments have
further shown that hsa_circRNA_33287 promotes and miR-
214-3p inhibits ectopic bone formation by human MSMSCs
[84]. As a novel population of MSCs, stem cells from the
apical papilla (SCAPs) reside in human immature impacted
permanent teeth and play critical roles in pulp-dentin regen-
eration, periodontal tissue regeneration and bone regenera-
tion. During the osteoblast differentiation of SCAPs,
circSIPA1L1 which is markedly overexpressed, has been iden-
tified to positively regulate osteoblastic differentiation by
blocking the miR-204-5p-dependent suppression of ALPL
[85]. Collectively, circRNAs are critically correlated with
MSC differentiation, and we postulate that the functional
characterization of more circRNAs is indispensable for under-
standing the molecular biology of MSC differentiation and
developing novel MSC-based therapies.

hUCMSC: MSC derived from human umbilical cord,
MSMSC: maxillary sinus membrane stem cell, SCAP: stem
cell from the apical papilla.

2.3 CircRNAs in satellite cell differentiation

Myogenesis is a biological process in which satellite cells
differentiate into myoblasts, followed by the subsequent dif-
ferentiation and fusion of these cells into multinucleated
myotubes [86]. Satellite cells, which were first identified in
1961, are a specific muscle stem cell population that resides in
skeletal muscle and plays important roles in skeletal muscle
development and regeneration. Upon muscle injury or some
pathological conditions, satellite cells in a quiescent state are
activated and differentiate into myogenic progenitors to form
multinucleated myotubes [87]. Based on accumulating evi-
dence, some circRNAs, including CDR1las and circTMTCI,
are involved in satellite cell differentiation. For instance,
CDRlas has been found to promote myogenesis via the
induction of myofiber formation in skeletal muscle satellite
cells (SMSCs). Mechanistically, CDR1las sponges miR-17 to
activate IGF1R, a promoter of myogenesis. Specifically, myo-
genic differentiation protein 1 (MyoD1) has been identified to
increase CDRlas expression by binding to the 5’ flanking
region of CDR1las, thus promoting the myogenic differentia-
tion of SMSCs [88]. Additionally, circTMTCI is expressed at
high levels during chicken breast muscle development.
CircTMTCI inhibits chicken SMSC differentiation by spong-
ing miR-128-3p, which binds to the 3'UTR of myostatin
(MSTN) [89]. Conversely, decreased expression of
circFAM188B was detected during chicken SMSC differentia-
tion. As shown in previous studies, circFAM188B encodes the
novel protein circFAM188B-103aa that promotes proliferation
and inhibits the differentiation of chicken SMSCs. This find-
ing provides insights into a novel circRNA and protein that
regulate chicken SMSC differentiation and reveals novel
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mechanisms for chicken muscle development [90]. To date,
little information is available on the role of circRNAs in
satellite cell differentiation, and future studies should focus
on their functions and mechanisms in satellite cell
differentiation.

2.4 CircRNAs in myoblast differentiation

Myoblasts are also a group of proliferative muscle precursor
cells that are indispensable for myogenesis. After satellite cells
differentiate into myoblasts, myoblasts can differentiate into
multinucleated myofibers with transcriptional and morpholo-
gical alterations. Myoblast differentiation is a multistage and
complex process that is controlled by multiple molecules and
signalling pathways [91,92]. Several circRNAs have been iden-
tified to play critical roles in regulating myoblast differentia-
tion (Table 7). For instance, circHIPK3-003 promotes the
differentiation of chicken myoblasts by directly targeting myo-
cyte enhancer factor 2 C (MEF2C) as a miR-30a-3p sponge
[93]. Similarly, circSVIL, which is upregulated during chicken
embryonic leg muscle development, promotes chicken myo-
blast differentiation by upregulating the expression of both
¢-JUN and MEF2C as a miR-203 sponge in vitro [94].
CircFGFR2, which is derived from exons 3-6 of the FGFR2
gene, is another circRNA that is overexpressed during
embryonic chicken skeletal muscle development. As shown
in a previous study, circFGFR2 promotes chicken myoblast
differentiation by inhibiting the expression of both miR-133a-
5p and miR-29b-1-5p. Both miR-133a-5p and miR-29b-1-5p
suppress MYOD and MYOG expression to inhibit chicken
myogenesis [95]. Additionally, increased expression of
circSamd4 has been observed in both human and mouse

Table 7. CircRNAs in myoblast differentiation.

miRNA target genes/

CircRNA Function Target miRNA protein Ref
CircHIPK3- Myogenesis miR-30a-3p MEF2C [93]
003 (+)

CircSVIL Myogenesis  miR-203 c-JUN and MEF2C [94]
(+)

CircFGFR2  Myogenesis miR-133a-5p miR-  MYOD and MYOG [95]
(+) 29b-1-5p

CircFGFR4  Myogenesis miR-107 Wnt3a [98]
(+)

CircFUT10  Myogenesis miR-133a [34]
(+)

CircSamd4  Myogenesis PURA and PURB [96]
(+)

CircHIPK3  Myogenesis  miR-124-5p miR- [97]
(+) 379-5p

CircTTN Myogenesis  miR-432 IGF2/PI3K/AKT [99]
(+)

CircSNX29  Myogenesis  miR-744 Wnt5a/Ca2 [100]
(+) +/CaMKIid

CircQKI Myogenesis [28]
(+)

CircBNC2 Myogenesis [28]
(+)

CircHUWET Myogenesis miR-29b AKT3 [101]
)

CircFoxO3  Myogenesis miR-138-5p MyoG [40]
)

CircLMO7  Myogenesis miR-378a-3p MyoD and MyoG [102]
)

CircZfp609 Myogenesis miR-194-5p BCLAF1 [103]

()
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myoblasts. CircSamd4 suppresses the expression of the pur-
ine-rich binding proteins PURA and PURB, which are inhi-
bitors of myosin heavy chain (MHC), thus inducing myoblast
differentiation [96]. Yao et al. detected high circHIPK3
expression in mouse skeletal muscle tissues. Further research
indicated that circHIPK3 promotes C2C12 myoblast differen-
tiation by sponging both miR-124-5p and miR-379-5p [97].
Several circRNAs have been reported to be involved in pro-
moting bovine myoblast myogenesis. Notably, miR-107,
which is downregulated during myogenesis, negatively regu-
lates bovine myoblast differentiation and apoptosis.
CircFGFR4 promotes myogenesis and apoptosis by sponging
miR-107 to attenuate its inhibition of Wnt3a in bovine myo-
blasts [98]. CircFUT10 is also involved in regulating bovine
myoblast differentiation. It functions as a miR-133a sponge to
inhibit proliferation and facilitate the differentiation and
apoptosis of bovine myoblasts in vitro [34]. Similarly, the
role of the circTTN/miR-432/IGF2/PI3K/AKT axis in bovine
myoblast proliferation and differentiation has also been
reported recently. Overexpressed circTTN sponges miR-432
to induce the IGF2/PI3K/AKT signalling pathway, thus posi-
tively regulating bovine myoblast differentiation [99]. Another
study also reported that circSNX29 functions as a sponge for
miRNA-744 and promotes bovine myoblast differentiation by
activating the Wnt5a/Ca**/CaMKIId signalling pathway
[100]. Legnini et al. have found that several circRNAs, includ-
ing circBNC2, circQKI and circZfp609, are regulated during
myogenesis. The use of siRNAs targeting both circQKI and
the QKI mRNA exerted anti-myogenic effects, indicating the
positive role of circQKI and the QKI mRNA in regulating
myogenesis. CircBNC2 is upregulated during myogenesis and
may facilitate myoblast differentiation by competing with the
production of the BNC2 mRNA [28]. The regulatory mechan-
isms of circBNC2 and circQKI in myogenesis are still poorly
understood, and further studies are needed to identify the
exact roles and mechanisms of the two circRNAs in
myogenesis.

Conversely, several circRNAs serve as negative regulators
of myoblast differentiation. CircHUWEI, which originates
from exons 3-7 of the HUWEI gene, is downregulated during
myogenesis in bovine myoblasts. By stimulating AKT3 expres-
sion as a miR-29b sponge, circHUWEL represses myoblast
differentiation, while miR-29b reverses circHUWEI-induced
myogenesis inhibition [101]. The expression of circFoxO3
gradually increases with the differentiation of C2CI12 myo-
blasts. After circFoxO3 silencing, the expression level of MyoG
is upregulated in C2C12 myoblasts, indicating the inhibitory
effect of circ-FoxO3 on myoblast differentiation. Further stu-
dies identified miR-138-5p as a direct target of circ-FoxO3
[40]. Low expression of circLMO7 has been observed in
bovine myoblasts. By downregulating the expression of the
myogenesis-related genes MyoD and MyoG, exogenous
expression of circLMO?7 inhibits bovine myoblast differentia-
tion by sponging miR-378a-3p [102]. CircZfp609, which is
also downregulated during myogenesis, encodes a protein that
promotes myoblast proliferation [28]. However, the detailed
mechanisms underlying the translation of circZfp69 and the
functions of this protein in myogenesis are still unknown. In
addition, circZfp609 sponges miR-194-5p and attenuates its

inhibitory effects on BCL2-associated transcription factor 1
(BCLAF1), subsequently inhibiting the myogenic differentia-
tion of mouse myoblasts [103]. Overall, the circRNA-miRNA-
mRNA regulatory axis plays vital roles in myogenesis, and
circRNAs may function as a potent tool to regulate muscle
development. An understanding of the roles of circRNAs in
regulating myogenesis may provide new insights into muscle
development and reveal novel strategies for modulating
circRNAs to treat muscular diseases.

2.5 CircRNAs in the differentiation of other stem cell
types

In addition to ESCs, MSCs, satellite cells and myoblasts, other
common types of stem cells, such as epidermal stem cells
(EpSCs), intestinal stem cells (ISCs) and neural stem cells
(NSCs), have been identified. Several circRNAs are associated
with the differentiation of these stem cell types (Table 8).
EpSCs are a specific class of multipotent cells located in the
skin that are fundamental to epidermal regeneration [104].
Multiple upregulated circRNAs have been observed during
the differentiation of EpSCs into keratinocytes, including
circZNF91, which contains 24 target sites for miR-23b-3p.
Importantly, previous research has indicated that miR-23b-
3p regulates human keratinocyte differentiation via
the activation of the TGF-B-SMAD?2 signalling pathway and-
repression of TGIF1, indicating the potential role of
circZNF91 in regulating EpSC differentiation [35,105].
Intestinal stem cells (ISCs) are a population of stem cells
located at the base of intestinal crypts that are mainly divided
into two groups: crypt base columnar cells (Lgr5* ISCs) and
Bmi" label-retaining cells [106]. The upregulation of circPan3
has been observed in mouse and human Lgr5-GFP™ ISCs.
Knockdown of circPan3 contributes to the inhibition of
immune cell-mediated self-renewal and epithelial regenera-
tion in mouse ISCs. Mechanistically, circPan3 induces the
expression of IL-13Ral by directly binding to the Il13ral
mRNA in Lgr5-GFP* ISCs. Moreover, IL-13 produced by
innate lymphoid cells (ILCs) enhances self-renewal and
epithelial regeneration by inducing IL-13Ral expression via
circPan3 [107]. Neural stem cells (NSCs) are a specific group
of stem cells in the nervous system that differentiate into
diverse cell lineages in the nervous system, such as neurons,
astrocytes, and oligodendrocytes [108]. CircRNAs are

Table 8. CircRNAs in the differentiation of other stem cell types.
miRNA target

Cell Target genes/
CircRNA type Function miRNA protein Ref
CircZNF91 EpSC  Keratogenesis  miR- TGF-B- [35,105]
(+) 23b- SMAD2
3p
CircPan3 ISC Differentiation [107]
(+)
CDR1as NSC  Neurogenesis [109]
CircRTN4 (+)
CircTULP4
CircRIMS2
Hsa_circ_0002468 SH- SY5Y cell Neurogenesis miR-561
(+)
E2F8 [110]




abundant in the brain, and their important roles in brain
development have been reported recently. During neuronal
differentiation and development, numerous circRNAs, such as
CDR1as, circRTN4, circTULP4 and circRIMS2, are upregu-
lated, and their expression changes at different stages of
neuronal differentiation, suggesting the involvement of these
circRNAs in neurogenesis [109]. By sponging miR-561 and
impairing its inhibitory effects on E2F transcription factor 8
(E2F8), hsa_circ_0002468 has been reported to repress cell
proliferation and induce neuronal differentiation in SH-SY5Y
cells [110]. Overall, research on the regulatory roles of
circRNAs in the differentiation of these stem cell types is at
an early stage, and more efforts are needed to investigate the
exact mechanisms.

EpSC: epidermal stem cell, ISC: intestinal stem cell, NSC:
neural stem cell.

3. Challenges and perspectives

An increasing number of circRNA transcriptional profiles
have been reported, and several circRNAs have been shown
to participate in regulating stem cell differentiation. In this
review, we systematically summarized the roles of circRNAs
and their regulatory mechanisms in the differentiation of
diverse types of stem cells (Fig. 3). However, many limitations
exist in exploring the functions and mechanisms of circRNAs
in regulating stem cell differentiation, which must be further
clarified.

First, despite the recent advances that have been achieved
in revealing the characteristics and biological functions of
circRNAs, the biological processes and functional mechan-
isms of circRNAs remain largely unknown. For instance, the
regulatory mechanisms underlying the biogenesis, nuclear
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export and decay of circRNAs are still largely unknown. The
biological functions of circRNAs also require intensive
research. Although researchers have widely hypothesized
that circRNAs mainly exert their functions by sponging
miRNAs, several studies have questioned ceRNA function.
Notably, most studies regarding the ceRNA function of
circRNAs are based on overexpression experiments, and
only a few circRNAs have abundant binding sites for
a specific miRNA, such as CDR1as and circZNF91, indicating
that numerous circRNAs may not have miRNA sponge func-
tions [19,35]. Meanwhile, more research is needed to under-
stand other mechanisms by which circRNAs function, such as
protein sponges, protein recruitment and translation.

Second, although multiple methodologies have been
developed for the detection and functional characteriza-
tion of circRNAs, many limitations and difficulties in
circRNA research methodologies still exist. For instance,
circRNAs usually present low abundance and overlap with
their linear counterparts. The abundance of circRNAs is
approximately less than 10% of their linear counterparts,
and thus the estimation of circRNAs with low abundance
may be biased [111]. In addition, the unique structure of
the ‘backspliced junction (BS]) site’ of circRNAs is signif-
icantly different from that of their corresponding linear
RNAs and is fundamental for their identification [112].
Nonetheless, circRNAs consist of different components,
including exons and/or introns, and hence using BSJs
only to identify circRNAs may not be quite accurate and
limit our detection and functional investigation of
circRNAs. Hence, effective methodologies for circRNA
detection and characterization must be developed to pro-
vide novel insights into the roles and regulatory mechan-
isms of circRNAs.

CircFOXP1 CircRNA-23525
CircBANP CircRNA-vgll3 CircRFWD2
CircITCH Hsa circH19  CircMCM3AP
CDR1as CircPOMT1
CircCDK8
CircCORO1C | -, 3
CDR1as
CircRTN4 CircSIPA1L1
CircTULP4 CircLPAR1
GircRIMS2 |~ Ao T CircRNA124534/
Hsa circ 0002468 Hsa_circ 0026827
— Hsa_circ_104101
Differentiation
------------
Hsa circ_ 0074834
., Hsa circ_0076906
CDR1 ™. | CircRNA_0006393
CircTMTC1 CDR1as
CircFAM188B 2:27713879|27755789
. 2:240822115|240867796
K CDR1as
ki CirclGSF11
CircHIPK3-003 CircSVIL  CircFGFR2 Hsa circ 0127781
CircFGFR4 CircFUT10 CircSamd4 - -
CircHIPK3 CircTTN CircSNX29
CircQKI CircBNC2
CircHUWE1 Circ-Fox03 CircLMO7
CircZfp609

Figure 3. A summary diagram of circRNAs in stem cell differentiation. Several circRNAs have been found to be involved in the differentiation of diverse stem cell
types through regulating expression of potential target genes and related signalling pathway.
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Third, why are a large number of circRNAs dysregulated
during stem cell differentiation, and how do they regulate
stem cell differentiation? The dysregulation of circRNAs is
attributed to the imbalance among circRNA generation, loca-
lization, and degradation during stem cell differentiation.
However, the underlying mechanisms of the dysregulation of
circRNAs during stem cell differentiation have not been con-
clusively identified. Although diverse circRNA profiles have
been detected during stem cell differentiation, the regulatory
mechanisms underlying the expression of specific circRNAs
remain largely unexplored. To date, the miRNA sponge
mechanism is the most extensively investigated mechanism
by which circRNAs exert their effects on regulating stem cell
differentiation. Another mechanism underlying the regulatory
functions of circRNAs in stem cell differentiation may be their
ability to encode functional proteins. However, few studies
have focused on the protein-encoding function of circRNAs
or the role of circRNA-encoded proteins in stem cell differ-
entiation. In addition, current research regarding the roles of
circRNAs in stem cell differentiation is mostly based on
in vitro experiments, and multiple studies have only predicted
that several circRNAs might play a role in stem cell differ-
entiation but lack sufficient evidence. Therefore, comprehen-
sive and in-depth studies investigating the functions of
circRNAs in stem cell differentiation are urgently needed.

Finally, future research efforts are needed to promote the
effective application of circRNAs in clinical practice. Because
circRNAs exhibit specific expression profiles during the dif-
ferentiation of different stem cell types, multiple dysregulated
circRNAs exhibit great potential as biomarkers for stem cell
differentiation. Monitoring the expression of these circRNAs
may help evaluate the stemness and differentiation capacity of
stem cells. In addition, approaches targeting these dysregu-
lated endogenous circRNAs may be a promising strategy to
regulate stem cell differentiation, thus maintaining homoeos-
tasis in the body. Most importantly, these circRNAs may serve
as novel therapeutic targets in tissue engineering and regen-
eration medicine, and circRNA-based stem cell therapy has
attracted the interest of numerous investigators. For example,
exosomal circHIPK3 derived from hUCMSCs has been found
to inhibit pyroptosis of skeletal muscle cells and promote
ischaemic muscle injury repair in a mouse model in vivo,
highlighting a promising role for circHIPK3 in stem cell-
based therapy for tissue repair [113]. However, the potential
of most circRNAs in clinical practice has not been thoroughly
identified, and although many circRNAs with regulatory roles
in stem cell differentiation have been reported, the selection of
specific circRNAs from these candidate circRNAs for stem
cell-based therapy remains challenging. Future studies should
focus on screening and validating target circRNAs for stem
cell-based therapy in a large number of clinical samples.
Comprehensive research is needed before circRNAs are incor-
porated into clinical practice.

4. Conclusions

In summary, emerging evidence has shown that the expres-
sion of numerous circRNAs is altered during stem cell differ-
entiation and that several circRNAs play certain roles in

regulating the differentiation of diverse stem cell types.
These circRNAs may serve as biomarkers of stem cell differ-
entiation and provide new avenues for stem cell-based ther-
apy. However, the detailed mechanisms by which circRNAs
regulate stem cell differentiation remain to be investigated,
and additional in vivo research and clinical trials are urgently
needed to confirm the potential clinical implications of
circRNAs in stem cell therapy, which may significantly
improve the effectiveness of stem cell-based therapy for the
treatment of human disorders.
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