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Abstract

Retinoblastoma (RB), the most common malignant retinal tumor among children under 3 years old, is lethal if left untreated.
Early diagnosis, together with timely and effective treatment, is important to improve retinoblastoma-related outcomes. Cir-
cular RNAs (circRNAs), a new class of non-coding RNAs with the capacity to regulate cellular activities, have great poten-
tial in retinoblastoma diagnosis and treatment. Recent studies have identified circular RNAs that regulate multiple cellular
processes involved in retinoblastoma, including cell viability, proliferation, apoptosis, autophagy, migration, and invasion.
Six circular RNAs (circ-FAM158A, circ-DHDDS, circ-E2F3, circ-TRHDE, circ-E2F5, and circ-RNF20) promote disease
progression and metastasis in retinoblastoma and function as oncogenic factors. Other circular RNAs, such as circ-TET1,
circ-SHPRH, circ-MKLN1, and circ-CUL2, play tumor suppressive roles in retinoblastoma. At present, the studies on the
regulatory mechanism of circular RNAs in retinoblastoma are not very clear. The purpose of this review is to summarize
recent studies on the functional roles and molecular mechanisms of circular RNAs in retinoblastoma and highlight novel

strategies for retinoblastoma diagnosis, prognosis, and treatment.
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Retinoblastoma

Retinoblastoma (RB), the most common malignant retinal
tumor among children under 3 years of age, is lethal if left
untreated. Patients with retinoblastoma typically present
with leukocoria or strabismus signs in the early stages of
the disease, with the development of proptosis, buphthal-
mos, or hypopyon in some cases in later stages (Ortiz and
Dunkel 2016; Global Retinoblastoma Study et al. 2020).
According to statistics, retinoblastoma accounts for 2 —4%
of all tumors in children under 5 years old, and around 8000
children worldwide are diagnosed with retinoblastoma each
year (Dimaras et al. 2015). In recent years, with the continu-
ous development of treatment strategies, retinoblastoma is
considered a curable intraocular malignancy in high-income
countries (Ancona-Lezama et al. 2020). Thus, increasing
attention is focused on how to preserve vision and improve
the quality of life of retinoblastoma patients.
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In contrast to high-income countries, in low- and
middle-income countries, where more than 80% of ret-
inoblastoma cases occur, the prognosis of retinoblastoma
patients is poor, and metastasis rates are high (18.9%)
(Global Retinoblastoma Study et al. 2020). There are
delays in the diagnosis and treatment of retinoblastoma
in low- and middle-income countries (Ancona-Lezama
et al. 2020), with the median age at the time of diagnosis
in low- and middle-income countries being 14.1 months
as compared with 30.5 months in high-income countries
(Global Retinoblastoma Study et al. 2020). In addition,
only 23% of retinoblastoma patients in low- and mid-
dle-income countries are detected through screening as
compared with 72% of patients in high-income countries
(Kivela and Hadjistilianou 2017). Due to the delays in
the diagnosis and treatment of retinoblastoma in low-
and middle-income countries, the global retinoblastoma
patient survival rate is less than 30% [4]. Specifically,
reported retinoblastoma survival rates in Africa, Asia,
and Latin America are approximately 30%, 60%, and 80%
as compared with 95 —97% in Europe and North America
(Shields et al. 2015).

At present, the treatment for retinoblastoma is based on
the International Classification of Retinoblastoma Staging,
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which includes chemotherapy, radiotherapy, and enuclea-
tion (Shields and Shields 2010; Fabian et al. 2018; Ancona-
Lezama et al. 2020). Combination therapy can significantly
improve the overall survival rate of patients with retinoblas-
toma (Sun et al. 2020). However, the timing of the treatment
is vital. In the absence of prompt treatment, retinoblastoma
can develop and spread by direct growth through the optic
nerve into the central nervous system or through the blood to
the lungs, bone, and other distant systemic organs (Correa-
Acosta et al. 2018). Delayed treatment of retinoblastoma can
result in metastasis (Teixo et al. 2015). Secondary malig-
nancies are one of the leading factors responsible for high
mortality in retinoblastoma patients (Teixo et al. 2015). In
addition to the risk of mortality, retinoblastoma is associated
with a psychological burden for families and high economic
costs. Thus, in order to improve the therapeutic outcome in
retinoblastoma patients, the disease needs to be diagnosed
at an early stage, followed by effective treatment.

Circular RNAs

Circular RNAs (circRNAs) are a new class of non-coding
single-stranded RNAs without free 3’ poly (A) tails or 5’
caps (Ren et al. 2020). Unlike linear RNAs, circRNAs have a
covalently closed-loop structure. As early as the 1970s, sci-
entists knew of the existence of circRNAs in cells (Hsu and
Coca-Prados 1979). However, they did not become the focus
of widespread attention until decades later. With the devel-
opment of next-generation sequencing and computational
analysis, circRNAs, as important transcriptional regulators,
began to be correctly recognized (Memczak et al. 2013).
Subsequently, scientists revealed the biogenesis and biologi-
cal characteristics of circRNAs. circRNAs are commonly
generated by back splicing of exons from precursor micro-
RNA (Xu et al. 2017; Kristensen et al. 2019; Chen 2020).
They are classified into three types based on the sequences
from which they originate, including exons, introns, and
exon—intron circRNAs (Henry and Hayes 2012). They are
abundant in eukaryotes, conserved in evolution, highly sta-
ble and tissue specific, and play crucial roles in many tissues
(Xu et al. 2017; Kristensen et al. 2019; Chen 2020).

Due to the increasing number of studies on circRNAs,
we now have a clearer understanding of their mecha-
nisms and functions. circRNAs are known to regulate the
expression of multiple genes in cells and participate in the
regulation of cellular activities by acting as micro-RNA
sponges and sequestering RNA-binding proteins (Tang
et al. 2017; Kristensen et al. 2019; Chen 2020). They also
regulate transcription and alternative splicing, binding pro-
teins, forming pseudogenes, and expressing peptides via a
variety of mechanisms (Tang et al. 2017; Kristensen et al.
2019; Chen 2020). circRNAs are involved in the biological
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process of cell proliferation and apoptosis, and play a key
role in neurogenesis and the development of various organs
(Rahmati et al. 2021). According to numerous studies,
abnormal expression of circular RNAs plays an important
role in the pathological process of a variety of diseases,
such as diabetes (Li et al. 2017), immune and inflamma-
tory diseases (Chen et al. 2019c; Lin et al. 2020), tumors,
and cardiovascular diseases (Altesha et al. 2019; Goodall
and Wickramasinghe 2021; Wen et al. 2021; Zhang et al.
2021a, c; Sayad et al. 2022a). Especially, circRNAs play
an important role in the development of various cancers,
such as lung cancer (Hu et al. 2018), stomach cancer
(Shan et al. 2019), liver cancer (Song et al. 2018), renal
cell carcinoma (Sayad et al. 2022b), and prostate cancer
(Taheri et al. 2021). The expression levels of circRNAs
are correlated with the occurrence and development of the
tumor and act as oncogenes or tumor suppressors (Rah-
mati et al. 2021; Sayad et al. 2022b). Therefore, circRNAs
are considered to have great potential in tumor diagnosis
and treatment (Li et al. 2015; Lei et al. 2019; De Palma
et al. 2022). This review focused on recent studies on the
functional roles and molecular mechanisms of circRNAs
in retinoblastoma (Figs. 1 and 2, and Tables 1 and 2) with
the aim of highlighting novel strategies for retinoblastoma
diagnosis, prognosis, and treatment.

circRNAs contribute to several “hallmarks
of cancer” in RB

The “hallmarks of cancer” were proposed as a set of
functional capabilities acquired by human cells, includ-
ing sustaining proliferative signaling, evading growth
suppressor, resisting cell death, activating invasion and
metastasis, inducing or accessing vasculature, etc., that
are crucial for their ability to form malignant tumors
(Hanahan 2022). The abnormal expressions of circR-
NAs in RB cells were reported to promote the malignant
behavior of cancer cells and influence the occurrence and
development of RB (Wang et al. 2020; Huang et al. 2021;
Jiang et al. 2021a, b; Zhang et al. 2022b). For the onco-
genic circRNAs in RB, including circ-FAM158A, circ-
DHDDS, circ-E2F3, circ-TRHDE, circ-E2F5, and circ-
RNF20, their increased expressions could promote cell
viability, migration, invasion, and autophagy, and inhibit
cell cycle arrest and apoptosis of RB cells (Fig. 1 and
Table 1) (Chen et al. 2020; Liu et al. 2020; Wang et al.
2020; Zhang et al. 2020, 2022b; Zhao et al. 2020; Huang
et al. 2021; Jiang et al. 2021a, b; Yu et al. 2021; Zheng
et al. 2021; Zuo et al. 2021; An et al. 2022; Han et al.
2022; Jiang et al. 2022; Liang et al. 2022). On the other
hand, the decreased expressions of the tumor-suppressor
circRNAs, such as circ-TET1, circ-SHPRH, circ-MKLN1,
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Fig. 1 Upregulated circular RNAs that function as oncogenic factors in retinoblastoma. This picture shows the role of upregulated circular RNAs

in the pathogenesis of retinoblastoma

and circ-CUL2, also could promote cell proliferation,
migration, invasion, and inhibit cell cycle arrest and
apoptosis of RB cells (Fig. 2 and Table 1) (Xing et al.
2018; Fu et al. 2021; Xu et al. 2021; Zhang et al. 2022a).
Xenograft animal experiments have also demonstrated
that some circRNAs can affect tumor growth and metas-
tasis, affecting tumor size and volume, such as circ-TET1,
circ-DHDDS, and circ-FAM158A (Liu et al. 2020; Fu
et al. 2021; Yu et al. 2021). In summary, circRNAs in
RB cells and tissues contribute to several “hallmarks of
cancer” and can influence the malignant phenotype and
influence the initiation and development of RB.

Oncogenic circRNAs in RB
circ-FAM158A

circ-FAM158A (has_circ_0000527) is generated from
the endoplasmic reticulum membrane protein complex
subunit 9 (EMC9), which is also known as FAM158A (Yi
et al. 2019). Many studies have demonstrated significantly
higher expression of circ-FAM158A in retinoblastoma tis-
sues and cell lines than that in normal tissues and cells
(Chen et al. 2020; Zhang et al. 2020; Yu et al. 2021; Zheng
et al. 2021; Zuo et al. 2021; Liang et al. 2022). These
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RNAs in the pathogenesis of retinoblastoma

studies also showed that circ-FAM158A promotes prolif-
eration, invasion, and migration of retinoblastoma cells
and functions as an oncogenic factor in retinoblastoma
development via a molecular mechanism involving com-
peting endogenous RNA (Fig. 1) (Chen et al. 2020; Zhang
et al. 2020; Yu et al. 2021; Zheng et al. 2021; Zuo et al.
2021; Liang et al. 2022).

As demonstrated by gain-and-loss function experiments
and bioinformatics analysis, circ-FAM158A affects the
development of retinoblastoma cells via the miR-646/BCL2
axis (Chen et al. 2020). According to the results of in vitro
experiments, overexpression of circ-FAM158A promotes the
viability, migration, and invasion of retinoblastoma cells,
while miR-646 has the opposite effects, and circ-FAM158A
upregulates the expression of a target gene, BCL2, which
encodes a critical antiapoptotic protein, via sponging miR-
646, thereby promoting the development of retinoblastoma
(Chen et al. 2020). Studies show that there is a negative
interaction between circ-FAM158A and miR-646 (Chen
et al. 2020; Zhang et al. 2020). Another study showed that
circ-FAM158A regulates the expression levels of the trans-
membrane protein LRP6 by adsorbing miR-646 and promot-
ing retinoblastoma progression (Zhang et al. 2020). LRP6
functions as a co-receptor in the Wnt/p-catenin signaling
cascade, which is essential in embryonic development and
tumor genesis (Tamai et al. 2000; He et al. 2004).

As demonstrated using a xenograft murine model, silenc-
ing of circ-FAMI158A inhibits tumor growth in vivo (Yu
et al. 2021). In this study, circ-FAM158A promoted the
development of retinoblastoma by decoying miR-98-5p
and elevating the expression of the X-linked inhibitor of
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apoptosis protein (X/IAP) (Yu et al. 2021), a member of
the inhibitor of apoptosis family of proteins, mainly cas-
pase inhibitors (Schimmer et al. 2006). Similarly, knock-
down of circ-FAMI158A inhibits tumor growth via the
miR-138-5p/SLC7AS axis (Zheng et al. 2021). SLC7A5,
as a target of miR-138-5p, promotes retinoblastoma cell
progression (Zheng et al. 2021). HDACO is a class II his-
tone deacetylase (HDAC) inhibitor (Zhou et al. 2001). The
HDAC9 gene functions as an oncogene in some cancers
(Zhou et al. 2001; Yang et al. 2015; Rastogi et al. 2016).
miR-27a-3p is a target of circ-FAM158A, and miR-27a-3p
inhibition reverses the role of circ-FAM158A downregu-
lation (Zuo et al. 2021). According to previous research,
circ-FAM158A modulates the development of retinoblas-
toma via the miR-27a-3p/HDAC9 pathway by decreasing
the expression of miR-27a-3p and significantly increasing
that of HDAC9 (Zuo et al. 2021). In addition, knockdown of
circ-FAM158A suppresses the PI3K/AKT signaling path-
way, which is crucial for the growth and survival of cancer
cells (Zuo et al. 2021).

SMAD? is an intracellular mediator of the transforming
growth factor beta (TGFbeta) signaling pathway (Liu et al.
2004), which is involved in the progression of many cancers,
such as glioblastoma (Chen et al. 2019b), gastric carcinoma
(Shinto et al. 2010), and colorectal cancer (Zhang et al.
2021b). Another study has shown that circ-FAM158A drives
retinoblastoma progression via the miR-1236-3p/SMAD?2
pathway (Liang et al. 2022). The expression of miR-123-3p
was decreased in RB tissues and cells (Liang et al. 2022).
circ-FAMI158A sponges miR-1236-3p, which directly tar-
gets SMAD?2 (Liang et al. 2022). miR-1236-3p inhibition
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) can reverse the effect of circ-FAM158A knockdown on RB
= § cell malignant behavior, while SMAD?2 overexpression can
3 S i~ 5 abolish the inhibitory effect of miR-1236-3p overexpression
g | S = 8 = on RB cell progression (Liang et al. 2022). In addition, high
| = B = o expression of circ-FAM158A was associated with advanced
21 5 0 b =] P
< z § 3 %’ tumor-node-metastasis (TNM) stage, optic nerve invasion,
= ~ ~ ~ and choroidal invasion (Liang et al. 2022).
g ? § %3 ? In conclusion, circ-FAMI158A is upregulated in retino-
§ g g & £ g blastoma patients, and it plays a carcinogenic role in ret-
& S S o o o inoblastoma. Thus, it represents a potential new therapeutic
= | 3 3 é 5 B 3 target and diagnostic biomarker for retinoblastoma.
= =¥ =¥ 50 =% (= o
s| g g 28 g g
z| 2 SEE 2 2
£ E E E E
5 = 0 circ-DHDDS
© [} <
= 52 o o= N
s % E g g o § % circ-DHDDS (hsa_circ_0000034) is located on chromo-
an —_— on — . .
E g s g ESo & o some 1 (26,772,806-26,774,151) and is derived from the
sg5 £ g 2 i 5% dehydrodolichol diphosphate synthase (DHDDS) gene
B = = = 0 . .
s g § 5 = E = g g (Wang et al. 2020; Jiang et al. 2021a). As shown in several
3} [9) 5 = .8 . . . C e
% ;E - %D % % 223 = studies, the expression level of circ-DHDDS is significantly
a |l €22 2 B S & & . . .
5| &8¢ 3 o g = %D 2"%0 upregulated in retinoblastoma tissues and cells (Table 1)
2l g a0 2 =228 2 . .
% 2 .§ %g 2 % g '% S 2 '% (Liu et al. 2020; Wang et al. 2020; Jiang et al. 2021a). The
S = = = expression level of circ-DHDDS is related to the disease
= = stage and clinical characteristics of retinoblastoma patients,
a4 & ~ with high expression strongly correlated with the degree
N 7} R . . . .
;.f % q of optic nerve invasion and International Intraocular Ret-
‘E = e = inoblastoma Classification (IIRC) stage (Sun et al. 2020).
5 = ;'r i As shown in a xenograft murine model, knockdown of
¥ =) Q . C o . . . . . .
% & § é o g & circ-DHDDS inhibits proliferation, migration, invasion,
% § % = E Z é g and autophagy, as well as promoting apoptosis of retino-
= i = . .
3 5 = E g E E 5 blastoma cells (Liu et al. 2020; Wang et al. 2020; Jiang
gl E = & . . . .
=19 = o2 - et al. 2021a). circ-DHDDS is also associated with cell cycle
“1 © © © arrest, with inhibition of circ-DHDDS inducing the arrest
é ~ of more retinoblastoma cells in the GO/G1 phase of the cell
z| .2 & Q S cycle (Wang et al. 2020). Therefore, circ-DHDDS may
o . . . . .
%" Pé § E & & serve as a potential diagnostic/prognostic biomarker and
S| d&s = e < therapeutic target for retinoblastoma.
= AR = = I~ x . . .
5 & §5 % % N D As an oncogene, circ-DHDDS directly sponges miR-
£ E &, g g 361-3p to promote the development of retinoblastoma
2.2 (Fig. 1) (Liu et al. 2020; Sun et al. 2020; Wang et al. 2020;
5 g g g Jiang et al. 2021a). As demonstrated in several studies, miR-
gh . . .
B 9 2 é g 361-3p functions as a tumor suppressor, and its expression is
é § -E g‘ 5 downregulated in many cancers (Chen et al. 2019a; Xu et al.
) 2 § % g* 2020). Furthermore, circ-DHDDS accelerates the progres-
S < = . . . . .
g 8 o —§ @3 E 3 sion of retinoblastoma via the miR-361-3p/ADAM 19 axis
2 = s 9d g Sz = = (Jiang et al. 2021a). circ-DHDDS acts as a competing endog-
5|88 E a2 85 E . .
gz & Y = :“05 e g ¥ enous RNA for miR-361-3p and regulates the expression
N - SEPXa g g of ADAM 19, a trans-membrane soluble protein and specific
c | | 2 5 2% 0o o ) . .
E @ | A a) A A target of miR-361-3p, which regulates the cell phenotype
E E = o through cell adhesion and proteolysis (Jiang et al. 2021a).
: § 5 = v, = The autolytic processing activity of cysteine domain in
L | 5 2 % 8 ADAMI is attributed to proteolytic activity (Tanabe et al.
S 515 G 8 ‘8 2010; Hoyne et al. 2016).
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WNT3A and STX17 are two other downstream targets of
miR-361-3p in retinoblastoma (Liu et al. 2020; Wang et al.
2020). As a molecular sponge of miR-361-3p, circ-DHDDS
regulates the expression of WNT3A, thereby stimulating the
development of retinoblastoma (Wang et al. 2020). As a
member of the Wnt family, WNT3A plays a key role in
regulating cell self-renewal, proliferation, differentiation,
and motility (He et al. 2015). The Wnt/p-catenin pathway is
involved in cell proliferation, tissue homeostasis, and tissue
regeneration (Chen et al. 2019a). Abnormal activation of
this pathway plays a role in the development of cancer (Jung
and Park 2020). The final step of autophagy is membrane
fusion between autophagosomes and lysosomes (Itakura
and Mizushima 2013). STX17, localized to the outer mem-
brane of intact autophagosomes, has a unique hairpin-type
structure and is mediated by two transmembrane domains,
each of which contains a glycine zipper motif (Itakura and
Mizushima 2013). The unique structure of STX17 enables
it to specifically localize to intact autophagosomes, which is
important for autophagosome-lysosome fusion (Itakura and
Mizushima 2013; Huang et al. 2018). As demonstrated in
experimental research, circ-DHDDS upregulates the expres-
sion of STX17 to induce cell proliferation, migration, inva-
sion, autophagy, and tumor growth, and to suppress apop-
tosis of human retinoblastoma by inhibiting miR-361-3p
(Liu et al. 2020).

circ-E2F3

circ-E2F3 (hsa_circ_0075804) is located on chromosome 6
(Iength: 720 bp) and is derived from E2F transfection factor
3 (E2F3) gene (Huang et al. 2021). In retinoblastoma tissues
and cells, the expression levels of circ-E2F3 are markedly
high, and it functions as an oncogenic factor in retinoblastoma
development (Fig. 1, Table 1) (Huang et al. 2021; Han et al.
2022; Zhang et al. 2022b). As demonstrated in loss of function
experiments, knockdown of circ-E2F3 inhibits proliferation,
migration, and invasion and induces apoptosis of retinoblas-
toma cells (Huang et al. 2021; Han et al. 2022; Zhang et al.
2022b). In addition, as shown in xenograft studies, circ-E2F3
knockdown has an inhibitory effect on tumors in vivo (Huang
et al. 2021; Han et al. 2022; Zhang et al. 2022b).

As a sponge for miR-204-5p, circ-E2F3 regulates the
expression of rho-associated protein kinase 1 (ROCKI)
(Huang et al. 2021). ROCKI1 is a member of the ROCK
family, which is the immediate downstream targets of RhoA,
ubiquitously expressed serine-threonine protein kinases, and
plays an important role in tumor cell migration and inva-
sion (Noma et al. 2006; Hu et al. 2019). Many studies have
reported that ROCKI expression is high in tumors and that
it promotes the proliferation and migration of tumors (Cai
etal. 2014; Wu et al. 2014; Wan et al. 2019). The circ-E2F3/
miR-138-5p/PEG 0 axis promotes malignant behavior in

retinoblastoma cells (Zhang et al. 2022b). circ-E2F3 func-
tions as a molecular sponge for miR-138-5p, and miR-
138-5p silencing largely impairs the effects of circ-E2F3
knockdown in RB cells (Zhang et al. 2022b). PEGI0 is a
retrotransposon-derived gene located on human chromo-
some 7q21 and is highly conserved among mammalian spe-
cies (Lux et al. 2010; Chikamori et al. 2019). It promotes the
proliferation, migration, and invasion of tumors (Kai et al.
2008; Peng et al. 2017). In addition, circ-E2F3 enhances
the stability of E2F3 mRNA by binding to heterogeneous
ribosomal protein K (HNRNPK), leading to the development
of retinoblastoma (Zhao et al. 2020). Knockdown of circ-
E2F3 results in an increase in the expression of apoptotic
proteins, which promotes apoptosis and inhibits cell prolif-
eration (Zhao et al. 2020). HNRNPK functions both as an
RNA/DNA-binding protein and as a p53 co-regulator (Chen
et al. 2021). As such, it participates in a variety of cellular
processes and initiates apoptosis under conditions of DNA
damage (Chen et al. 2021).

LIM and SH3 protein 1 (LASP1) is an actin-binding pro-
tein and plays important roles in cancer progression (He
et al. 2013), such as prostate cancer (Dejima et al. 2017),
nasopharyngeal carcinoma (Jiang et al. 2018), and glioblas-
toma (Zhong et al. 2018). circ-E2F3 regulates the expres-
sion of LASP1 by sponging miR-1287-5p and affects the
biological process of retinoblastoma (Han et al. 2022). In
RB tissues and cells, the expression levels of circ-E2F3 and
LASP1 were upregulated, and the expression level of miR-
1287-5p was downregulated (Han et al. 2022). Knockdown
of circ-E2F3 can inhibit the growth, invasion, and survival
of RB cells and hinder the development of tumors in vivo,
while the inhibition of miR-1287-5p largely reverses the
functional effects of circ-E2F3 knockdown (Han et al. 2022).
LASP] overexpression can also reverse the inhibition of RB
cell proliferation, survival, and invasion by upregulating the
expression of miR-1287-5p (Han et al. 2022).

circ-TRHDE

circ-TRHDE (hsa_circ_0099198) is located on chromo-
some 12 (73,012,670-73,015,531) and is derived from the
thyrotropin-releasing hormone-degrading enzyme (TRHDE)
(Jiang et al. 2021b). According to the literature, circ-TRHDE
acts as an oncogenic factor in retinoblastoma and facilitates
the progression of retinoblastoma via the miR-1287/LRP6
axis (Fig. 1, Table 1) (Jiang et al. 2021b). In RB tissues and
cells, the expression levels of circ-TRHDE and LRP6 are
increased, whereas those of miR-1287 are decreased (Jiang
et al. 2021b). Depletion of circ-TRHDE induces retinoblas-
toma cell cycle arrest and apoptosis and inhibits the prolifer-
ation, migration, and invasion of retinoblastoma cells (Jiang
et al. 2021b). As a sponge for miR-1287, circ-TRHDE nega-
tively regulates the function of miR-1287 and upregulates

@ Springer



13 Page8of14

Functional & Integrative Genomics (2023) 23:13

the expression of LRP6 (Jiang et al. 2021b). According to
a number of studies, miR-1287 plays an inhibitory role in
many cancers, such as non-small cell lung cancer, hepatocel-
lular carcinoma, and triple-negative breast cancer (Li et al.
2018; Lu et al. 2018; Schwarzenbacher et al. 2019). LRP6
functions as a co-receptor in the Wnt/p-catenin signaling
cascade, which is essential in embryonic development and
tumor genesis (Tamai et al. 2000; He et al. 2004). The dis-
covery of the circ-TRHDE/miR-1287/LPR6 axis may pro-
vide a new therapeutic target for retinoblastoma therapy.

circ-E2F5

E2F transcription factor 5 (E2F5) is a member of the E2F
family of transcription factors, which are involved in reg-
ulation of various cellular processes, including cellular
proliferation, apoptosis, differentiation, and DNA damage
response (Inagaki et al. 2020). circ_0084811, also known
as circ-E2F5, regulates cell proliferation and apoptosis in
RB through the miR-18a-5p/miR-18b-5p/E2F5 axis (Jiang
et al. 2022). The expression of circ-E2F5 was significantly
increased in RB cells (Jiang et al. 2022). circ-E2F5 upreg-
ulates E2F5 expression via sponging miR-18a-5p, miR-
18b-5p or directly (Jiang et al. 2022). Overexpression of
circ-E2F5 can promote cell proliferation and inhibit cell
apoptosis, while knockdown of circ-E2F5 can inhibit cell
proliferation and promote cell apoptosis (Jiang et al. 2022).
miR-18a-5p inhibitor or miR-18b-5p inhibitor can partially
restore the effect caused by hsa_circ_E2F5 silencing, and
E2F5 overexpression completely reversed this effect (Jiang
et al. 2022).

circ-RNF20

circ-RNF20, also known as hsa_circ_0087784, aggravates
the malignancy of retinoblastoma via miR-132-3p/PAX6
axis (An et al. 2022). In RB tissues and cells, the expres-
sion levels of cir-cRNF20 and PAX6 were increased, and
the expression levels of miR-132-3p were significantly
decreased (An et al. 2022). circ-RNF20 directly targets miR-
132-3p, and PAX6 is a target gene of miR-132-3p (An et al.
2022). PAXG6 is a transcription factor essential for normal
development of the eyes and nervous system (Pinson et al.
2006). Deficiency of circ-RNF20 inhibits cell proliferation,
migration, and invasion, and induces apoptosis in vitro, and
miR-132-3p inhibition or PAX6 overexpression reverses circ-
RNF20-mediated effects on RB cell malignant behavior (An
et al. 2022). By constructing a xenogeneic tumor model, it
was found that circ-RNF20 silencing could inhibit the for-
mation of tumors in vivo. In addition, circ-RNF20 was found
to be associated with advanced TNM stage and poor overall
survival. The expression levels of circ-RNF20 were higher in
patients with TNM stage III tumors compared with patients
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with TNM stage I/II tumors; RB patients with higher circ-
RNF20 expression had a lower overall survival than those
with lower circ-RNF20 expression (An et al. 2022). circ-
RNF20 can promote the growth, migration, and invasion of
RB cells and inhibit the apoptosis (An et al. 2022).

Tumor-suppressor circRNAs in RB
circ-TET1

circ-TET1 (has_circ_0093996) is derived from the Tet
methylcytosine dioxygenase 1 (TETI) gene. As a member
of TET protein family, TET1 affects the DNA methylation/
demethylation cycle and is an important tumor suppressor
(Tian et al. 2017), which is downregulated in various cancers
(Duan et al. 2017; Tian et al. 2017). In retinoblastoma tissues
and cells, the expression levels of circ-TET1 are decreased,
whereas those of miR-492 and miR-494-3p are increased
(Fu et al. 2021). circ-TET1 inhibits the proliferation, migra-
tion, and invasion of retinoblastoma cells and accelerates
the apoptosis and cell cycle arrest of retinoblastoma cells
(Fig. 2, Table 2) (Fu et al. 2021). As demonstrated in a xen-
ograft mouse model, overexpression of circ-TET1 inhib-
its tumor growth in vivo (Fu et al. 2021). Upregulation of
circ-TET1 inhibits the Wnt/p-catenin pathway by absorbing
miR-492 and miR-494-3p (Fu et al. 2021). Abnormal activa-
tion of the Wnt/p-catenin signaling pathway is related to the
malignant behavior of tumors (Rosenbluh et al. 2014). This
regulatory axis may provide a new and promising therapeu-
tic strategy for retinoblastoma therapy (Fu et al. 2021).

circ-SHPRH

circ-SHPRH (hsa_-circ_0001649) is a transcription prod-
uct of the Snf2 histone linker Phd ring helicase (SHPRH)
gene (Xing et al. 2018). As a reported tumor suppressor,
circ-SHPRH inhibits proliferation, migration, and inva-
sion and induces cell apoptosis (Ji et al. 2018; Xing et al.
2018; Xu et al. 2018; Zhang et al. 2018). In a previous
retinoblastoma study, decreased expression of circ-SHPRH
was significantly associated with tumor size, an advanced
IIRC stage, and an aggressive phenotype of retinoblas-
toma (Table 2) (Xing et al. 2018). The decrease in the
expression of circ-SHPRH was independent of age, sex,
and optic nerve involvement, suggesting that a reduction in
the expression of circ-SHPRH in tissues might be an inde-
pendent prognostic factor after surgery in retinoblastoma
patients (Xing et al. 2018). In the same study, patients
with low expression had poorer 5-year overall survival
after surgery, which suggests that low expression of circ-
SHPRH could predict a poor prognosis in retinoblastoma
patients (Xing et al. 2018). This study also noted that
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downregulation of circ-SHPRH promoted the growth of
retinoblastoma cells, partly by regulating the AKT/mTOR
signaling pathway (Fig. 2) and that the expression of circ-
SHPRH was negatively correlated with the expression of
p-AKT and p-mTOR (Xing et al. 2018). The P13K-AKT-
mTOR signaling network controls many characteristics of
cancer cells such as the cell cycle, survival, metabolism,
motility, and genomic instability (Fruman and Rommel
2014). Taken together, the literature suggests that upreg-
ulation of circ-SHPRH may be a potentially promising
strategy for retinoblastoma treatment.

circ-MKLN1

circ-MKLN1 is also termed as hsa_circ_0082415 (Lyu
et al. 2019). Aberrant expression of circ-MKLN1 and
PDCD4, with reduced expression of both, as well as sig-
nificant elevation of miR-425-5p expression, has been
observed in retinoblastoma tissues and cells (Lyu et al.
2019; Xu et al. 2021). Overexpression of circ-MKLN1
represses the proliferation, migration, and invasion of
retinoblastoma cells in vitro and tumor growth (i.e.,
tumor volume and weight) in vivo (Xu et al. 2021). In the
development of retinoblastoma, circ-MKLNI1 functions
as a sponge for miR-425-5p (Fig. 2) (Xu et al. 2021).
Overexpression of miR-425-5p reverses the effects of
circ-MKLN1 on the proliferation, invasion, and migra-
tion of retinoblastoma cells (Xu et al. 2021). Likewise,
knockdown of PDCD4, which is as the target gene of
miR-425-5p, reversed circ-MKLNI1 overexpression-
mediated inhibitory effect on cell proliferation of retino-
blastoma (Xu et al. 2021). PDCD4 maps to chromosome
band 10924 in the human genome (Soejima et al. 1999),
and it encodes a 469 amino acid protein with two basic
domains at the N-terminus and C-terminus and two con-
served a-helical MA-3 domains (Lankat-Buttgereit and
Goke 2009). PDCD4 is a proinflammatory protein that
promotes activation of the transcription factor NF-kB
and inhibits IL-10 (Sheedy et al. 2010). Based on recent
research, PDCD4 is considered a tumor suppressor gene
and a potential target for anticancer therapy (Lankat-
Buttgereit and Goke 2009). In many cancers, such as skin
cancer (Matsuhashi et al. 2007), human gliomas (Afonja
et al. 2004), and tongue tumors (Carinci et al. 2005),
the expression of PDCD4 is downregulated. Acting as
a tumor suppressor, at transcriptional and translational
levels, PDCD4 is involved in tumor progression, the cell
cycle, and differentiation, regulating a variety of proteins
in cells, and these proteins regulate different signal trans-
duction pathways (Lankat-Buttgereit and Goke 2009).

circ-CUL2

circ-CUL?2 is also known as hsa_circ_0000234, which is
derived from back-splicing of the CUL2 mRNA (from exon
2 to exon 4) (Peng et al. 2020). E2F transcription factor
2 (E2F2) is a prototypical transcription factor implicated
in transcriptional regulation, cell cycle, and tumorigen-
esis (Du et al. 2022). circ-CUL2 inhibits the proliferation,
invasion, and migration of retinoblastoma cells by regu-
lating the miR-214-5p/E2F2 axis (Zhang et al. 2022a). In
retinoblastoma tumor tissues and cells, circ-CUL2 and
E2F2 were underexpressed, whereas miR-214-5p was
overexpressed (Zhang et al. 2022a). circ-CUL2 negatively
regulates the expression of miR-214-5p, and miR-214-5p
negatively regulates the expression of E2F2 (Zhang et al.
2022a). miR-214-5p promotes proliferation, invasion, and
migration of retinoblastoma cells (Zhang et al. 2022a).
Overexpression of miR-214-5p or inhibition of E2F2
partially reversed the inhibitory effects of circ-CUL2 on
retinoblastoma cell invasion and migration (Zhang et al.
2022a). The discovery of this expression axis may provide
a new strategy for the treatment of retinoblastoma patients.

The potential clinical applications
of circRNAs in RB

Diagnostic potentials of circRNAs in RB

Retinoblastoma, the most common malignant retinal tumor
among children under 3 years old, is lethal if left untreated
(Global Retinoblastoma Study et al. 2020). The clinical
diagnosis of RB is based on fundus changes and imaging
findings, such as B-ultrasound, optical coherence tomog-
raphy, and brain and orbital magnetic resonance imaging
(Manrique et al. 2021). In addition, studies have found that
children with a family history of RB and a known RBI muta-
tion in one or both parents have a significantly higher risk
of RB, so prenatal genetic testing and close follow-up are
important for early diagnosis and treatment (AlAli et al.
2018; Skalet et al. 2018). Early diagnosis, together with
timely and effective treatment, is important to improve ret-
inoblastoma-related outcomes, so the discovery of new diag-
nostic biomarkers has important implications for improving
the treatment of RB. circRNA has a closed circular struc-
ture that is not affected by RNA exonuclease, is more sta-
ble in expression (Xu et al. 2017), and has great potential
in cancer diagnosis (Najafi 2022a, b). These significantly
different expressed oncogenic circRNAs (circ-FAM158A,
circ-DHDDS, circ-E2F3, circ-TRHDE, circ-E2F5, and
circ-RNF20) and tumor-suppressor circRNAs (circ-TET1,
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circ-SHPRH, circ-MKLNI1, and circ-CUL?2) in retinoblas-
toma tissues compared with normal tissues (Tables 1 and
2),have great potentials as biomarkers for RB diagnostic, and
further research in large human samples is needed.

Therapeutic potentials of circRNAs in RB

Current treatments for RB include enucleation of the eye,
chemotherapy, and focused therapy (Manrique et al. 2021).
Survival and salvage rates for RB are still low worldwide
due to the health care gap between countries (Manrique
etal. 2021). At present, the treatment of RB is also focused
on improving the affordability and availability of treatment,
reducing related side effects and complications, and pro-
longing the effective period of treatment (Manrique et al.
2021). With the development of the research on circRNA,
the role of circRNAs in RB has been taken more and more
attention. Many studies have shown that the oncogenic
circRNAs, including circ-FAM158A, circ-DHDDS, circ-
E2F3, circ-TRHDE, circ-E2F5, and circ-RNF20 (Fig. 1 and
Table 1), and the tumor-suppressor circRNAs, including
circ-TET1, circ-SHPRH, circ-MKLNI1, and circ-CUL2
(Fig. 2 and Table 2), participate in the occurrence and
development of RB through affecting the proliferation,
apoptosis, migration, and invasion of RB cells. Studies in
xenograft mouse models have also demonstrated that the
knockdown of circ-FAM158A (Yu et al. 2021), circ-E2F3
(Huang et al. 2021; Han et al. 2022; Zhang et al. 2022b),
circ-RNF20 (An et al. 2022), and overexpression of circ-
TET1 (Fu et al. 2021) and circ-MKLN1 (Xu et al. 2021)
inhibit tumor formation and growth in vivo. Therefore, the
discovery of circRNA or its pathway of action may provide
a new therapy for RB.

Prognostic potentials of circRNAs in RB

The overall prognosis of RB patients is associated with
tumor size, tumor location, presence of subretinal fluid,
and histopathology characteristics (AlAli et al. 2018). cir-
cRNA was reported to be correlated with the clinicopatho-
logical features of RB, such as tumor size, TNM stages, and
lymph node metastasis (Tables 1 and 2). circ-FAMI158A
was related to advanced TNM stages, optic nerve invasion,
and choroidal invasion in RB patients (Liang et al. 2022).
High expression of circ-DHDDS strongly correlated with
IIRC stage and optic nerve invasion degree of RB (Sun et al.
2020). An increased expression level of circ-RNF20 was
found to be associated with advanced tumor, lymph node,
and metastatic stage, and indicates a poor overall survival of
RB patients (An et al. 2022). A decreased expression level of
circ-SHPRH was associated with tumor size, advanced IIRC
stage, and aggressive phenotype of RB, and indicates a poor
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prognosis (Xing et al. 2018). These circRNAs all represent
as potential biomarkers for prognosis of RB.

Perspective

RB is the most common intraocular cancer of childhood,
which is caused by mutation of the RBI gene (Dimaras et al.
2012). It has a high mortality risk due to its origin, com-
plex clinical presentation, and metastasis potential. There-
fore, early detection, diagnosis, and treatment are critical
to improve the cure rate and reduce mortality. circRNAs
regulate the expression of multiple genes and participate
in the regulation of cellular activities by sponging microR-
NAs, acting as sequestering agents of RNA blinding proteins
(RBPs), regulating transcription and alternative splicing,
binding proteins, forming pseudogenes, and expressing pep-
tides (Tang et al. 2017; Kristensen et al. 2019; Chen 2020).
Due to their stability, tissue-specific roles, and crucial roles
in many cancers, circRNAs are considered to have great
potential in tumor diagnosis and treatment. In recent years,
with the advancement of high-throughput sequencing tech-
nology, we now have a better grasp of the roles of circRNAs
in RB. Several studies reported that specific circRNAs may
affect the proliferation, metastasis, and apoptosis of RB cells
by functioning as a sponge for microRNAs and participate
in the development of RB (Figs. 1 and 2) (Chen et al. 2020;
Wang et al. 2020; Huang et al. 2021; Jiang et al. 2021a; Yu
et al. 2021). This review outlined recent progress in under-
standing of the roles of circRNAs in RB with the aim of
highlighting novel strategies for the diagnosis, prognosis,
and treatment of RB (Tables 1 and 2).

As noted above, studies suggested that circRNAs may act
as potential diagnostic and therapeutic targets, as well as key
prognostic markers in clinical practice (Chen et al. 2020;
Zhang et al. 2020; Fu et al. 2021; Huang et al. 2021; Jiang
et al. 2021b; Yu et al. 2021; Zuo et al. 2021). As a novel
biomarker, circRNAs are helpful and promising for the diag-
nosis, treatment, and prognosis of cancer. However, there are
still many challenges in the application of circRNAs. First
of all, the current understanding of circRNAs is incomplete,
with many unknown circRNAs likely waiting to be discov-
ered. Second, the majority of recent studies that focused
on circRNAs in RB have used tumor tissues and normal
tissues or tumor cells and normal cells as samples (Wang
et al. 2020; Huang et al. 2021; Zheng et al. 2021; Zhang
et al. 2022b). In future studies, samples such as blood, urine,
and tear samples will be available for selection. Finally, the
ultimate goal of the various experiments we are currently
conducting is to apply circRNAs to the clinical diagnosis
and treatment of RB. Therefore, in this regard, the safety and
efficacy of circRNAs are very important, which require us to
conduct a large number of clinical studies and experiments
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to verify and evaluate. For the time being, the sample size
of study about circRNA in RB is not large enough and there
is a lack of certain clinical experimental studies, and many
studies are in the exploratory stage, so circRNAs are not
yet fully applicable to clinical practice. However, we firmly
believe that as our understanding of the pathogenesis of RB
improves, circRNAs will be widely used in the diagnosis,
treatment, and prognosis of RB, greatly reducing the mortal-
ity rate and improving the cure rate, alleviating the pain of
patients, and bringing happiness to their lives.
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