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circINSR Promotes Proliferation
and Reduces Apoptosis of Embryonic
Myoblasts by Sponging miR-34a
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As a diverse and abundant class of endogenous RNAs,
circular RNAs (circRNAs) participate in processes including
cell proliferation and apoptosis. Nevertheless, few researchers
have investigated the function of circRNAs in bovine muscle
development. Based on existing sequencing data, we identified
circINSR. The localization of circINSR in bovinemyoblasts was
investigated by fluorescence in situ hybridization. Molecular
and biochemical assays were used to confirm the role of
circINSR in myoblast proliferation and the cell cycle. Mito-
chondrial membrane potential and annexin V-PE/7-AAD
staining assays were performed to assess cell apoptosis. Addi-
tionally, interactions between circINSR, miR-34a, and target
mRNAs were examined using bioinformatics, a luciferase
assay, and RNA immunoprecipitation.We found that circINSR
was highly expressed in embryonic muscle tissue. Overexpres-
sion of circINSR significantly promoted proliferation and
reduced apoptosis of embryonic myoblasts. Our data suggested
that circINSR may act as a sponge of miR-34a and could func-
tion through de-repression of target genes in muscle cells. This
study proposes that circINSR may function as a regulator of
embryonic muscle development. circINSR regulates cells pro-
liferation and apoptosis through miR-34a-modulated Bcl-2
and CyclinE2 expression.
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INTRODUCTION
Skeletal muscle, as the largest motor organ of mammals, is currently
the focus of research. For humans, muscle developmental diseases
such as Duchenne muscular dystrophy (DMD) and facial muscular
dystrophy (FSHD) threaten human health.1 For meat livestock, the
development of skeletal muscle directly impacts the commercial
value. Therefore, a deeper elucidation of the molecular mechanisms
underlying muscle development would prove valuable for muscle dis-
eases and cattle breeding. Muscle development is a complex process
involving multiple genes and non-coding RNAs (ncRNAs), but the
specific mechanisms remain to be explored.2

MicroRNAs (miRNAs) are a class of endogenous ncRNAs that inhibit
the expression of downstream target genes through post-transcrip-
tional regulation.3 There is increasing evidence that demonstrates
miRNAs regulate a variety of biological processes, including muscle
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cell proliferation, differentiation, and apoptosis. For example, the
elevation of serum levels of miRNAs (miR-1, miR-133, miR-206,
miR-208a, miR-208b, and miR-499) was observed in DMD pa-
tients.4,5 miR-1, miR-206, and miR-486 promote muscle cell differen-
tiation by inhibiting the transcription of Pax7,6,7 while miR-378a-3p
promotes skeletal muscle cell differentiation by targeting HDAC4.8

Additionally, miR-27a targets myostatin and Pax3 to promote myo-
cyte production and proper migration of myogenic progenitor
cells.9,10 Moreover, miR-34 has been shown to be a direct transcrip-
tional target of p53, which in turn downregulates the genes required
for cell proliferation.11

Circular RNAs (circRNAs) are a class of endogenous ncRNAs
whose covalent closed loop structure is formed by reverse splicing.12

This special structure makes circRNAs more stable than linear
RNAs, which is beneficial for its physiological functions.13 With the
development of RNA deep-sequencing technology, a large number
of circRNAs have been found in a variety of cells. There is increasing
evidence that circRNAs located in the cytoplasm can act as competing
endogenous RNAs (ceRNAs) to countervail miRNAs and thus partic-
ipate in a variety of physiological processes.14 circHIPK3 can sponge
multiple miRNAs such as miR-7, miR-30a-3p, miR-124, miR-193a,
and miR-558 and participate in the regulation of cell proliferation
and migration of multiple cancer cell types.15–19 circYAP1 has a
tumor suppressor effect and can inhibit the proliferation and migra-
tion of gastric cancer cells by targeting miR-367-5p.20 However, most
research has focused on cancer medicine, with considerably fewer re-
ports on the functions of circRNAs in animal muscle development.
Previous research in our laboratory has shown that circFUT10
can act as a ceRNA to promote the expression of the SRF gene by
competing with miR-133a, thereby inhibiting the proliferation of
bovine myoblasts.21 circFGFR4 binds to miR-107, thereby
releasing its inhibitory effect on the target geneWnt3a and ultimately
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promoting cell differentiation.22 Despite these findings, further
research is needed to better understand the roles of circRNAs in
bovine muscle growth.

In our previous study, we identified hundreds of circRNAs that are
differentially expressed in prenatal and adult development stages of
bovine skeletal muscle.8 After analysis of these circRNAs, we further
characterize a highly expressed circINSR in embryonic muscle tissue.
circINSR is named after the insulin receptor (INSR) gene and is
formed by cyclization of the second exon of INSR. INSR is highly ex-
pressed in insulin-targeted tissues, such as liver, adipose, and skeletal
muscle. For muscle cells, INSR receives insulin signals, which pro-
mote the uptake of glycogen and accelerate protein synthesis.23

INSR is closely related to muscle nutrition and metabolic diseases
during the embryonic period.24 Moreover, circINSR is highly homol-
ogous to human has_circ_0048966 (CircBase, http://www.circbase.
org), which suggests that circINSR has important and potentially
conserved functions.

In this study, we first explored the endogenous expression and func-
tions of circINSR inmuscle cells. We further clarified the possible reg-
ulatory relationships among circINSR, miR-34a, and target mRNAs.
We found that circINSR promoted cell proliferation and inhibited cell
apoptosis by sponging miR-34a in bovine myoblasts. These results
provide potential molecular targets for improving beef cattle breeding
and preventing muscle disease.

RESULTS
Identification of circINSR as a Candidate circRNA

To better reveal the role of circRNAs in muscle development, we
screened differentially expressed circINSR in our published
sequencing data (NCBI: GSE87908). According to the online database
CircBase (http://www.circbase.org), we found that circINSR is highly
homologous to human has_circ_0048966, both of which consist of
head-to-tail splicing of INSR exon 2 (552 bp). circINSR was only
amplified in cDNA by divergent primers, and no amplification prod-
uct was observed in genomic DNA (gDNA). The amplified product of
circINSR was confirmed by sequencing technology (Figure 1A). Acti-
nomycin D inhibits mRNA synthesis and promotes RNA degrada-
tion. After treatment with actinomycin D, the expression of circINSR
in bovine myoblasts was slightly reduced. However, the expression of
INSR mRNA was greatly reduced in a time-dependent manner (Fig-
ure 1B), and the difference in half-life between circINSR and INSR
mRNA reflected the stability of circINSR. Moreover, circINSR was
resistant to RNase R treatment compared to linear mRNA
(Figure 1C).

Analysis of tissue expression patterns showed that the expression of
circINSR in embryonic muscle was significantly higher than that in
adulthood (Figure 1D). This result is consistent with the sequencing
data. Quantitative assays revealed that circINSR was expressed in
several bovine tissues, including heart, liver, spleen, lung, kidney,
and subcutaneous adipose tissues. It reveals the increasing trend of
circINSR during the development of individuals in the kidney and ad-
ipose tissue, while in the muscle tissue, changes are opposite. Expres-
sion levels in embryonic myocardium and muscle were significantly
higher than in other tissues (Figure 1E). circRNA may regulate
different stages of gene expression; also, they often affect the expres-
sion of genes within which they are encoded.25 We analyzed the
expression of the INSR gene after overexpression and interference
with circINSR. It was determined that the levels of INSR gene and
protein were not associated with circINSR, and the subsequent test re-
sults were not affected by the INSR gene (Figure 1F).

Overexpression of circINSR Promotes the Myocytes’

Proliferation

To explore the function of circINSR, the overexpression vector
of the pCD2.1-circINSR plasmid was transfected into myoblasts.
Overexpression of plasmid led to a >10-fold induction of circINSR
(Figure 2A) and significantly increased the expression of prolifera-
tion-related genes, including PCNA, CyclinD1, CyclinE2, and
CDK2, at both mRNA and protein levels (Figure 2B). 5-ethynyl-
20-deoxyuridine (EdU) staining analysis indicated that overexpres-
sion of circINSR significantly increased the number of myoblasts
in the proliferative phase. Cell counting kit-8 (CCK8) detection
showed the same results (Figures 2C and 2D). In order to investi-
gate whether circINSR affects the cell cycle, we used flow cytometry
to analyze the phase distribution of proliferating myoblasts. These
results indicated that the number of cells at G1 decreased while
those at the S phase increased upon circINSR overexpression (Fig-
ure 2E). The cell cycle change in G2 phase was not significant.
The results also indicated that circINSR released the G1 phase arrest
and promoted myocyte proliferation.

Silencing of circINSR Inhibits Myocyte Proliferation

We asked whether circINSR inhibition would produce an opposite ef-
fect of that which was observed by overexpression. Two different
small interfering RNAs (siRNAs) were designed for circINSR
silencing. Both siRNA#1 and siRNA#2 directed against the back-
splice sequence knocked down the circular transcript (Figure 3A),
and we randomly selected siRNA#1 for subsequent experiments. As
expected, western blot and quantitative real-time PCR assays revealed
that circINSR silencing significantly inhibited the expression of
PCNA, CyclinD1, and CyclinE2 of bovine primary myocytes (Fig-
ure 3B). Cell proliferation was then determined by EdU and CCK8
assays, and cell viability in the si-circINSR group was significantly
decreased in comparison with that in the control group (Figures 3C
and 3D). Cell cycle analysis demonstrated that circINSR interference
prevented normal cell cycle progression, resulting in more cells
arresting in the G0/G1 phase and thus fewer cells in S and G2 stages
(Figure 3E). These results demonstrate that circINSR interference in-
hibited the proliferation of muscle cells. Next, we examined the func-
tion of circINSR in muscle cell differentiation. Bovine primary myo-
cytes were transfected with pCD2.1-circINSR, and the expression of
MyoD (myogenic differentiation antigen), MyoG (myogenin), and
MyHC (myosin heavy chains) were detected by quantitative real-
time PCR. The results showed that circINSR might not participate
in the differentiation of bovine primary myoblasts (Figure 4).
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Figure 1. circINSR Identification and Expression Pattern in Bovine Skeletal Muscle

(A) Schematic showing the circularization of INSR exon 2 forming circINSR (black arrow). The existence of circINSRwas validated by agarose gel electrophoresis and followed

by Sanger sequencing. Divergent primers amplified circINSR in cDNA but not genomic DNA (gDNA). Red arrow represents “head-to-tail” splicing sites of circINSR. (B)

Myocytes were treated with the transcription inhibitor actinomycin D, and quantitative real-time PCR was used to detect the expression of circINSR and INSR mRNA at

different time intervals. (C) Agarose gel electrophoresis and quantitative real-time PCR for the abundance of circINSR with or without RNase R treatment. INSRwas used as a

negative control. (D) The expression of circINSR in muscle tissues of cattle at three developmental stages. (E) The expression of circINSR in different tissues of cattle at three

developmental stages. Data are presented asmeans ± SEM. *p < 0.05. (F) The expression of the INSR gene was detected using quantitative real-time PCR and western blots

after overexpression and interference with circINSR.
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Effects of circINSR on Cell Apoptosis

To investigate whether circINSR regulates myoblast apoptosis, we
used the quantitative real-time PCR and western blotting assays after
overexpression or silencing of circINSR. The results showed that over-
expression of circINSR can increase the expression of Bcl-2 and inhibit
that of p53 and p21 but has no effect on Bax (Figures 5A and 5B). In
view of the fact that the pCD2.1 vector has green fluorescence, we used
annexin V-phycoerythrin/7-amino-actinomycin (annexin V-PE/7-
AAD) staining instead of the commonly used annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) to measure apoptosis
988 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
by flow cytometry. Introduction of siRNA against circINSR resulted
in a significant accumulation of apoptotic cells, while the amount of
overexpression decreased (Figures 5C and 5D).

Decreased mitochondrial membrane potential (DJm) is a landmark
event in the early stages of apoptosis. 5,50,6,60-tetrachloro-1,10,3,30-tet-
raethyl-imidacarbocyanine iodide (JC-1) is an ideal fluorescent probe
widely used to detect DJm. The transition from red fluorescence to
green fluorescence of JC-1 can be used as a marker for early detection
of apoptosis. To minimize interference from pCD2.1 vector green



Figure 2. Overexpression of circINSR Promotes the Proliferation of Bovine Primary Myocytes In Vitro

(A) The overexpression transfection efficiency of circINSR. (B) The expression of PCNA, CyclinD1, CyclinE, and CDK2 was detected by quantitative real-time PCR and

western blots. These red numbers were the relative grayscale values of the proteins. (C) Bovine primary myocytes were transfected with pCD2.1-circINSR, and cell pro-

liferation was analyzed using EdU (scale bars, 2,000 mm) and counted using a public domain software Image J (NIH Image, Bethesda, MD). EdU staining (red) for positive cells.

Hoechst 33342 staining (blue) for the cell nuclei. (D) Cell proliferation index was detected by cell counting kit-8 (CCK-8) assay. (E) The cell cycle phase index was analyzed by

flow cytometry. Date are presented as means ± SEM for three individuals. *p < 0.05, **p < 0.01.
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fluorescence on the JC-1fluorescence signal, we only detected theDJm
after interference. After JC-1 staining, we detected red and green fluo-
rescence in the cells by flow cytometry and fluorescence microscopy,
respectively. Compared to the untreated group, si-circINSR treatment
resulted in a remarkable increase in green fluorescence, revealing that
circINSR interference could induce mitochondrial membrane depolar-
ization (Figures 5E and 5F). These results indicated that circINSRmight
inhibit apoptosis via the mitochondrial apoptosis pathway.

circINSR Acts as a Molecular Sponge for miR-34a

We designed an RNA probe that specifically recognizes the back-
splicing junction region of circINSR. RNA-fluorescence in situ hy-
bridization (FISH) localization and PCR results indicated that cir-
cINSR was mainly localized in the cytoplasm of bovine myoblasts
(Figures 6A and 6B), so we assume that circINSR acts as a miRNA
sponge. According to the results described above, circINSR could
inhibit the expression of p53 and promote cell proliferation. To
find miRNAs that interact with circINSR, we examined a number
of miRNAs involved in the p53 pathway and cell proliferation pro-
cesses after overexpression of circINSR (Figure 6C). We found that
the expression of miR-34a and miR-15 was decreased after overex-
pression of circINSR, while the expression of miR-34a was
increased after interference with circINSR (Figure 6D). Several
studies have found that members of the conserved miR-34 family
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 989
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Figure 3. Interfering with circINSR Inhibits the Proliferation of Bovine Primary Myocytes In Vitro

(A) Myocytes were transfected with siRNA#1, siRNA#2, or scrambled (NC) siRNA for 24 h. The quantitative real-time PCR assays were conducted to detect circINSR

expression (n = 3, **p < 0.01 versus NC group). (B) The expression of PCNA, CyclinD1, CyclinE, and CDK2 was detected by quantitative real-time PCR and western blots. (C

and D) Bovine primary myocytes were transfected with pCD2.1-circINSR, and cell proliferation was analyzed using EdU (scale bars, 2,000 mm) (C) and cell counting kit-8

(CCK8) (D). (E) The cell cycle phase index was analyzed by flow cytometry. Date are presented as means ± SEM for three individuals. *p < 0.05.
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are involved in the p53 network and that the miR-34 family may
have roles in tumor cell proliferation and migration.11 Given that
circRNAs function by adsorbing miRNAs as molecular sponges,
we next investigated the ability of circINSR to target miR-34a.

To validate this adsorption, we conducted an Ago2-RNA-binding
protein immunoprecipitation (RIP) assay in bovine myoblasts and
examined the expression of endogenous circINSR and miR-34a
bound to Ago2 protein. The results indicated that circINSR and
miR-34a were highly enriched in the Ago2 pellet (Figure 6E). The
luciferase activity of the psiCHECK2-circINSR-wild type (pCK-
circINSRw)+miR-34a group was significantly lower than the pCK-cir-
990 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
cINSRw group (Figure 6F). The addition of a repeat motif comple-
mentary to the miR-34a mature sequence in the psiCHECK-2 vector
became a strong positive control for the dual fluorescence assay.
Accordingly, a miR-34a biosensor was transfected into HEK293T
cells, together with sponge plasmid pCD2.1-circINSR, pCD2.1-non
(vector), miR-34a mimics, or mimics-negative control (mimics-
NC). miR-34a overexpression inhibited the luciferase expression of
the biosensor, and when miR-34a and circINSR overexpression vec-
tors were co-transfected, circINSR adsorbed miR-34a, thereby allevi-
ating the inhibitory effect of miR-34a on the fluorescence of the
biosensor, the recovery of which exhibited a dose-dependent effect
(Figure 6G). The three binding sites for miR-34a on circINSR were



Figure 4. Overexpression and Interference with circINSR Had No Effect on Primary Muscle Cell Differentiation

(A) Bovine primary myocytes were transfected with pCD2.1-circINSR, and the expression of MyoD, MyoG, and MyHC was detected by quantitative real-time PCR. (B) The

mRNA expression of cell differentiation markers was detected by quantitative real-time PCR. (C) The protein expression of MyoD, MyoG, andMyHCwas analyzed by western

blotting. Values are means ± SEM for three individuals.
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predicted using TargetScan 7.0 and miRanda (Figures 6H and 6I).
Due to more than one miR-34a adsorption site on circINSR, we
were unable to construct the mutant (MUT) vector. We synthesized
the wild-type (WT) and MUT sequences at each site of the psi-
CHECK-2 to verify the expression of luciferase. Combining the re-
sults of luciferase screening assay with the predicted secondary struc-
ture, circINSR was observed to sponge miR-34a with two potential
binding sites, although site 2 did not bind efficiently (Figure 6J).

circINSR Regulated Cell Proliferation and Apoptosis in a miR-

34a-Dependent Manner

Based on the results of previous studies, miR-34a could inhibit cell pro-
liferation by inhibiting its target genes (Bcl-2,MYC,CyclinD1,CyclinE2,
NOTCH1, CDK4, and CDK6),11,26 while the results of this study also
indicated that overexpression of miR-34a can reduce the expression
of target genes (Bcl-2, CyclinD1, and CyclinE2) and the proliferative
marker gene PCNA (Figure 7A). As predicted by bioinformatics pro-
grams, Bcl-2, a well-known regulator of the apoptotic pathway, is a
potential target of miR-34a (Figure 7B). CyclinE2 is an important
member of the cyclin family. The luciferase reporter assay showed
thatmiR-34amimics significantly inhibited the relative luciferase activ-
ity of Bcl-2 WT and CyclinE2 WT, but did not repress the mutant
group (Figures 7C and 7E). Moreover, after co-transfection of miR-
34a and circINSR, the results of EdU and CCK8 showed that the pres-
ence of circINSR can remove the inhibition of miR-34a on target genes,
thus promoting cell proliferation (Figures 8A and 8B). A subsequent
cell cycle assay indicated that overexpression of miR-34a significantly
suppressed cell cycle progression. However, co-transfection of cir-
cINSR and miR-34a could reverse the inhibition of miR-34a on the
cell cycle, consistent with the EdU and CCK8 results (Figure 8C). Pre-
vious studies have shown that circRNAs regulate cell growth and
apoptosis in multiple types. In our study, bovine primary myoblasts
were co-transfected with circINSR and miR-34a, and cell apoptosis
was then analyzed. From the flow cytometry assay in Figure 8D, over-
expression of miR-34a increased the number of apoptotic cells, while
circINSR could inhibit the occurrence of apoptosis.
DISCUSSION
Initially, circRNAs were identified as byproducts of spliceosome-
mediated splicing errors.27 In recent years, circRNAs have received
extensive attention because of their involvement in various cellular
physiological processes and critical roles in epigenetic regulation.28

The complexity of the regulatory functions of circRNAs provides us
with more biomarkers associated with muscle diseases and animal
breeding. Based on sequencing technology and biotechnology, an
increasing number of circRNAs have been identified to be involved
in mediating cell proliferation, differentiation, apoptosis, and auto-
phagy. However, the functions of many circRNAs remain unclear.

During the embryonic period, muscle development is manifested by
an increase in the number of fibers (hyperplasia). In adulthood, mus-
cle fiber volume increases (hypertrophy), but the number of fibers
does not change.2,29 For meat livestock, the embryonic period is a crit-
ical period in determining their economic value. Besides, the embry-
onic muscle development is an important indicator for detecting
muscle diseases in therapeutic intervention. For example, DMD is a
congenital disease with a high proportion in newborns. In early child-
hood, the skeletal muscles will severely degenerate and eventually
extend to atrophy of body muscle.5 The newly discovered circINSR
identified from bovine muscle sequencing is highly homologous to
human circ-004869 but is not detected in mice. To date, this circRNA
has not been reported on. Our sequencing results showed that the
expression level of circINSR in embryonic muscle tissue was signifi-
cantly higher than in adult muscle, which is consistent with the results
of this study (Figure 1D). This suggests that the highly expressed
circRNA in the embryonic muscle tissue may be involved in the regu-
lation of muscle development.

In addition, circINSR is derived from the glycolipid utilization-related
insulin receptor gene. In mammals, the INSR gene has divided into
two subtypes due to the presence or absence of exon 11 (exon
11 minus INSR-A and exon 11 plus INSR-B).30 INSR-A is mainly ex-
pressed in the embryonic stage and, after stimulation with insulin-like
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 991
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Figure 5. Effects of circINSR on Cell Apoptosis

(A and B) The expression of apoptosis marker genes was detected using quantitative real-time PCR (A) and western blots (B). (C) After the cells overexpressed circINSR,

apoptosis was determined by annexin V-PE/7-AAD dual staining followed by flow cytometry. (D) After terference with circINSR, apoptosis was determined by annexin

V-PE/7-AAD dual staining followed by flow cytometry. (E) Treated cells were stained with JC-1 solution and then observed by flow cytometry. (F) Cells were stained with JC-1,

and images were acquired using a fluorescence microscope. Scale bars, 2,000 mm. Data are shown as means ± SEM for three individuals. *p < 0.05.
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growth factor-2 (IGF-2), promotes uptake of glucose and accelerates
protein synthesis in muscle cells.23,24,31 In contrast, INSR-B is primar-
ily expressed in the adult well-differentiated tissues, including the
liver, where it enhances the insulin sensitivity. Hence, we speculated
that circINSR plays a vital role in muscle development during the em-
bryonic period.

Based on these speculations, we used overexpression and interference
to explore whether circINSR has important functions in bovine mus-
cle cell development. PCD2.1 is a vector that utilizes a reverse comple-
ment sequence to effect automatic circularization of the inserted
sequence. The vector carries green fluorescent protein (GFP), which
can be used to directly determine transfection efficiency. In this study,
circINSR overexpression was achieved more than 10-fold compared
to the control group (Figure 2A). In addition, siRNA was designed
at the junction of circINSR and did not appear to interfere with any
other linear RNA. The results of quantitative real-time PCR and west-
ern blot showed that circINSR could significantly increase the expres-
992 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
sion of cell proliferation-related proteins such as PCNA, CyclinD1,
CyclinE, and CDK2. Cell proliferation and cycle phase distribution
assays revealed that circINSR promotes cell proliferation and cell cy-
cle progression (Figures 2 and 3). Subsequent experiments studied the
effect of circINSR on apoptosis by quantitative real-time PCR, an-
nexin V-PE/7-AAD staining, and DJm detection. The results
showed that circINSR could inhibit apoptosis of myocytes (Figure 5).
All these results suggested that circINSR promoted myoblast prolifer-
ation and reduced apoptosis. However, the molecular mechanisms
underlying these phenomena are still unclear.

Accumulating data show that circRNAs, composed of exons and
predominantly localized in the cytoplasm, can act as miRNA
sponges and induce the dysregulation of miRNA and their target
genes.32 Searches for circRNAs regulating cell proliferation and
apoptosis were previously attempted by binding miRNAs in
various cells. Existing reports indicate that circHIPK3, which orig-
inated from exon 2 of the HIPK3 gene and localized in the
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cytoplasm, was involved in the regulation of proliferation and
migration of various cancer cells via sponging miRNAs.16–19

circVMA21 was derived from the third exon of VMA21 gene,
located in the cytoplasm, and acted as a sponge of miR-200c to
alleviate cell apoptosis.33 circDiaph3 was derived from the exon
of diaphanous-related formin 3 (Diaph3, also known as MDIA2)
and was the ceRNA of miR-148a-5p.34 In our study, RNA-FISH
localization indicated that circINSR was expressed in the cyto-
plasm. In addition, circINSR could inhibit the expression of p53/
p21 and promote the expression of Bcl-2, CyclinD1, and CyclinE2.
After identifying all miRNAs associated with these genes, we
focused on miR-34a.

In this study, we found that circINSR functions as a miR-34a sponge.
Bioinformatics analysis revealed that circINSR contained two target
sites of miR-34a, which were validated by luciferase and RIP analyses.
miR-34a inhibits muscle cell proliferation and promotes apoptosis,
but circINSR co-transfection with miR-34a could reverse this effect.
In addition, the expression of miR-34a target mRNAs, Bcl-2, and Cy-
clinE2 were positively modulated by circINSR (Figures 2B and 5A).
Generally, Bcl-2 inhibits apoptosis by interfering with the aggregation
of pro-apoptotic members, regulating the DJm, and blocking the
release of cytochrome c and other mediators,35,36 whereas p53 en-
hances apoptosis.37 The CyclinE2/CDK2 complex is the key kinase-
mediating cell entry into S phase from G0/G1 phase.38 The CyclinE
family of proteins can function by phosphorylating downstream sub-
strates, such as CDC6, NPAT, and P107, thus enabling the cell to
initiate DNA synthesis.39,40 Many studies have elucidated the impor-
tant role of miR-34a in inhibiting cell proliferation. Therefore, it is
often considered to be a tumor suppressor gene.26,41 For instance,
Welch et al.42 demonstrated that miR-34a was a potential tumor sup-
pressor that inhibits cell proliferation by targeting E2F3 transcription
factors. As bona fide transcriptional targets of p53, the miR-34 family
participated in the formation of a p53/miR-34/HDM4 feedback loop,
which has a role in inducing the cell cycle and promoting apoptosis.43

These findings were in consistence with our findings (Figure 9).

Moreover, in kidney and adipose tissue, the expression of circINSR in
adulthood was significantly higher than that in the neonatal period,
which was contrary to the trend of muscle tissue (Figure 1E). This
is possibly a significant example that the expression of circRNAs is
regulated by development and is tissue and cell type specific. In addi-
tion, due to the special function of circINSR, other miRNAs may be
Figure 6. circINSR Serves as a miR-34a Sponge In Vitro

(A) RNA-FISH showed that circINSR is mainly localized in the cytoplasm of myoblasts. Bl

circINSR. Scale bars, 50 mm. (B) Distribution of circINSR after separation of nucleus a

overexpression and interference with circINSR on the expression level of miR-34a. (E)

experiments showed that the anti-AGO2 antibody efficiently captured circINSR and m

CHECK2-circINSR-WT (pCK-circINSRW) into HEK293T cells. Renilla luciferase activity w

miR-34a 2�) was transfected into HEK293T cells, together with mimics-NC, miR-34a m

after transfection. (H) The predicted secondary structure of circINSR and the absorption

circINSR. (J) HEK293T cells were transfected with miR-34a and luciferase constructs o

mutated sites (circINSR site mut). n = 6; *p < 0.05.
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adsorbed to regulate other cellular pathways. For example, circINSR,
the focus of the present study, can also adsorb themiR-15/16 family to
affect lipid deposition in adipocytes (unpublished data).

For the purposes of this study, circINSR could promote bovine em-
bryonic muscle development by targeting miR-34a. From the
perspective of the livestock industry, our findings extend the under-
standing of ncRNA related to bovine muscle development. circINSR
could be used as a molecular marker for selection and breeding. For
medicine, this circINSR is highly conserved in humans, and the func-
tion of circINSR is to regulate proliferation and apoptosis, so it could
be useful as a molecular marker for muscle-related diseases, cancers,
and other disease diagnoses. In summary, our study highlights the
positive effect of circINSR on bovine muscle development, including
increased cell proliferation, inhibition of cell cycle arrest, and sup-
pressed cell apoptosis through targeting of miR-34a. However, it is
still unknown whether this circRNA can regulate other miRNAs.
Future research efforts should also be made to interrogate the func-
tion of circINSR in the nucleus.

MATERIALS AND METHODS
Tissue Specimens

We collected a variety of tissue samples of Qinchuan cattle (Bos
taurusQinchuanensis) from three different growth stages each (three
fetal [90-day] samples, three calf [1 month after birth] samples, and
three adult [24-month] samples) from a local livestock farm in
Xi’an, China. All specimens were immediately snap-frozen in liquid
nitrogen after surgical removal. Animal care and study protocols
were approved by the Animal Care Commission of the College of Vet-
erinary Medicine, Northwest A&F University.

Cell Culture and Treatment

As previously described, myoblasts were obtained from the bovine
longissimus dorsi by collagenase digestion.44 Cell culture was per-
formed using high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% fetal bovine serum (FBS, Gibco)
at 37�C in a humidified incubator containing 5% CO2. HEK293T
cells were cultured in DMEM containing 10% FBS. In order to
induce primary myocyte differentiation, after the addition treat-
ment, the complete medium was changed to DMEM with 2%
horse serum. The second exon of the bovine INSR gene sequence
was amplified to construct the pCD2.1-circINSR overexpression
vector (Geneseed, Guangzhou, China). siRNA oligonucleotides
ue indicates nuclei stained with DAPI; green indicates the RNA probe that recognizes

nd cytoplasm. (C) Effect of circINSR on the abundance of miRNAs. (D) Effects of

Ago2-RIP assay for the amount of circINSR and miR-34a in bovine myoblasts. RIP

iR-34a transcripts. **p < 0.01. (F) miR-34a mimics were co-transfected with psi-

as normalized to firefly luciferase activity. (G) The miR-34a biosensor (psiCHECK2-

imics, pCD-2.1-non, or pCD2.1-circINSR, and luciferase activities were measured

site information. (I) The predicted miR-34a binding sites at three distinct positions in

f circINSR containing wild-type putative miR-34a binding sites (circINSR site WT) or



Figure 7. miR-34a Directly Targets Bcl-2 and CyclinE2 Genes

(A) The expressionofBcl-2,CyclinE2,CyclinD1,PCNA, andCDK2wasdetectedbyquantitative real-timePCRandwesternblots. (BandC)TargetScanpredicted thatBcl-2 30UTR
had abinding site formiR-34a. The luciferase reporter assaywas used to analyze the target relationship betweenBcl-2 andmiR-34a. (D andE) TargetScanpredicted thatCyclinE2

30UTR had a binding site for miR-34a. The luciferase reporter assay was used to analyze the target relationship between CyclinE2 and miR-34a. Date are presented as means

± SEM for three individuals. *p < 0.05.

www.moleculartherapy.org
were designed to combine with the back-splice region. The miR-
34a mimics was synthesized by RiboBio (Guangzhou, China).
The mimics (50 nM), siRNA (50 nM), or vectors (2 mg/mL)
were transfected into cells with Lipofectamine 2000 (Thermo
Fisher Scientific).

RNA Preparation, Treatment with RNase R, and Actinomycin D

Total RNA in cells and tissues was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and reverse transcribed with Prime-
Script RT reagent kit (Takara, Tokyo, Japan). Quantitative real-time
PCR for RNA analyses were performed using SYBR green PCR master
mix (Takara, Tokyo, Japan). A miR-34a-specific stem-loop primer was
used to perform reverse transcription. Based on the sequence of cir-
cINSR, convergent and divergent primers were designed to determine
the authenticity of the circRNA. The divergent primers designed based
on the junction site were used for circINSR quantification. Total RNA
(1 mg) was purified after being incubated with RNase R (3 U)
(Epicenter, Madison, WI, USA) at 37�C for 15 min. Actinomycin D
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 995
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Figure 8. circINSR Regulated Cell Proliferation and Apoptosis in a miR-34a-Dependent Manner

(A and B) Bovine primary myocytes were co-transfected with miR-34a and pCD2.1-circINSR, and cell proliferation was analyzed using EdU (A) and CCK8 (B). (C) The cell

cycle phase index was analyzed by flow cytometry. (D) Cell apoptosis after co-transfection was determined by annexin V-PE/7-AAD dual staining followed by flow cytometry.

Date are presented as means ± SEM for three individuals. *p <0.05 compared with the NC group.
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(MilliporeSigma, Burlington, MA, USA) (2 mg/mL) was added to the
medium of cells for testing the half-life of circINSR and linear mRNA.
RNA-FISH

RNA-FISH probes that specifically recognize the back-splicing
junction region of circINSR were designed (RiboBio, Guangz-
hou, China). Cells were fixed with in situ hybridization fixative.
After being penetrated by 0.1% Triton X-100, the cells were
996 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
incubated with the circINSR probes at 37�C overnight. Nuclei
were stained with DAPI. Laser confocal microscopy was used
to observe the localization of circINSR in cells (Nikon, Tokyo,
Japan).
Dual-Luciferase Reporter Assay

Either the full-length of circINSR or three target-site fragments
were inserted into the psiCHECK-2 vector (Promega, Fitchburg,



Figure 9. Schematic Diagram of circINSR Competitively Binding miR-34a in

Regulating Cell Proliferation and Cell Apoptosis
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WI, USA). A miR-34a biosensor (psiCHECK-2-miR-34a 2�) was
created by inserting two copies of miR-34a reverse complementary
sequence in the psiCHECK-2 vector. The predicted 30 UTR frag-
ment containing the miR-34a binding site in CCNE2 and Bcl-2
was PCR amplified, cloned into the psiCHECK-2 vector, and
designated gene-WT. To mutate the presumptive binding sites in
CCNE2 and Bcl-2, the binding site sequences were replaced as
indicated, and designated gene-MUT.

For the luciferase reporter assays, HEK293T cells were seeded in
96-well plates at 8 � 103 cells per well and co-transfected with
0.2 mg reporter plasmid and 50 nM miR-34a mimic or mimic-NC.
The ratio of firefly and renilla luciferase activity was detected with
the dual-luciferase reporter assay kit (E2920, Promega, Fitchburg,
WI, USA) after 24 h. The optical density of the resulting solution
was assessed using the automatic microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

RIP Assay

A RIP assay was conducted using an EZ-Magna RIP kit (17-701,
Millipore, Billerica, MA, USA) and an anti-Argonaute2 (anti-
Ago2) antibody (Abcam, UK). Approximately 107 cells were
collected by cell scraping and resuspended in an equal volume of
lysis buffer (50 mL). Magnetic beads were coated with Ago2 anti-
body and mouse immunoglobulin G (IgG) antibody, respectively.
100 mL of cell lysate was incubated with coated magnetic beads
at 4�C overnight. The RNA in the immunoprecipitated product
was extracted, and the abundance of circINSR, INSR, and miR-
34a was detected by quantitative real-time PCR after reverse
transcription.

Cell Proliferation Assay

Cell proliferation was detected by CCK8 (Multisciences, Hangzhou,
China) following the manufacturer’s protocols. The optical density
of CCK8 at 450 nm was detected using an automatic microplate
reader. We also measured cell proliferation using an EdU assay kit
(RiboBio, Guangzhou, China). After the required treatment, EdU
(5-ethynyl-20-deoxyuridine) solution was added to the medium. After
a 2-h incubation, proliferating cells were stained with Apollo dye so-
lution. The nuclei were stained with Hoechst 33342. Finally, we used a
fluorescence microscope (AMG EVOS, Seattle, WA, USA) to observe
cell proliferation.

Cell Cycle Assay

Myoblasts were transfected with siRNAs, mimics, and plasmids, and
the cell cycle was assessed using the cell cycle testing kit (Multiscien-
ces, Hangzhou, China). After transfecting for 24 h, cells were har-
vested and washed with cold phosphate buffered saline (PBS).
Then, the staining solution and permeabilization reagent were added
to the cells. After incubating for 30 min, the cell cycle was analyzed by
flow cytometry (FACS Canto II, BD Biosciences, USA).

Cell Apoptosis Assay

Cell apoptosis was measured using an annexin V-PE/7-AAD
apoptosis detection kit (RiboBio, Guangzhou, China). After transfec-
tion, cells were harvested and resuspended in binding buffer. Then,
annexin V (5 mL) and 7-AAD (10 mL) were added to each cell suspen-
sion and incubation was continued for 10 min. Afterward, the sam-
ples were analyzed using flow cytometry. When annexin V-PE is
combined with 7-AAD, annexin V-PE can label early apoptotic cells
(annexin V+/7-AAD�), while late apoptotic cells and necrotic cells are
simultaneously treated with annexin V-PE and 7-AAD stained dou-
ble positive (Annexin V+/7-AAD+).

DJm Assay

Decreased DJm is a hallmark of early cell apoptosis. The apoptosis
of stimulated cells can be evaluated using a mitochondrial mem-
brane potential assay kit with JC-1 (Solarbio, Beijing, China). The
cells were stained with JC-1 reagent and then analyzed by flow cy-
tometry. Images were obtained by fluorescence microscope (AMG
EVOS, Seattle, WA, USA). After staining with JC-1, the mitochon-
dria of non-apoptotic cells emit orange-red fluorescence. The JC-1
monomers present in apoptotic cells emit green fluorescence. There-
fore, cells with increased green fluorescence in the cytoplasm and
reduced red fluorescence are considered to have undergone
apoptosis.

Western Blot Analysis

Total proteins of bovine myoblasts were prepared with radio immuno-
precipitation assay (RIPA) lysis buffer (Solarbio, Beijing, China). Pro-
teins were fractionated on 12% SDS-PAGE gels and transferred to poly-
vinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific).
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Blotswere incubated overnight with primary antibodies specific for anti-
CyclinD1 (#ab226977), anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, #ab9485), anti-MyoD (#ab16148) (Abcam, Cambridge,
UK), anti-INSR (#WL02857), anti-PCNA (#WL01804), anti-CDK2
(#WL01543), anti-CyclinE (#WL01072), anti-Bcl-2 (#WL01556), anti-
P53 (#WL01919), anti-P21 (#WL0362), anti-MyoG (#WL01132),
anti-MyHC (#WL02785), and anti-Bax (#WL01637) (Wanleibio,
Haerbin, China) at 4�C. After incubation with secondary antibodies,
the membranes were quantified with the ChemiDoc XRS system (Bio-
Rad, Hercules, CA, USA).

Statistical Analyses

Unless otherwise stated, all data are shown as the mean ± standard
error of the mean (SEM). Statistical analyses were performed using
SPSS 22.0 statistical software (SPSS, Chicago, IL, USA). The differ-
ences between two experimental groups was analyzed by Student’s
t test. One-way ANOVA was used to compare the statistical signifi-
cance among more than two groups. The statistical difference was
considered significant if p < 0.05 and was indicated with an asterisk,
while two asterisks represent a p <0.01.

AUTHOR CONTRIBUTIONS
H.C. and X.S. designed research. X.S., W.R., and Y.H. performed ex-
periments and analyzed data. X.S. wrote the paper. C.L. and X.L.
contributed new analytic tools. H.C. and X.Z. helped modify the lan-
guage of this manuscript.

CONFLICTS OF INTEREST
The authors declare no competing interests.

ACKNOWLEDGMENTS
This work was supported by the National Natural Science Foundation
of China (grant no. 31772574) and the Program of National Beef Cat-
tle and Yak Industrial Technology System (CARS-38). The funders
had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

REFERENCES
1. Sandri, M., El Meslemani, A.H., Sandri, C., Schjerling, P., Vissing, K., Andersen, J.L.,

Rossini, K., Carraro, U., and Angelini, C. (2001). Caspase 3 expression correlates with
skeletal muscle apoptosis in Duchenne and facioscapulo human muscular dystrophy.
A potential target for pharmacological treatment? J. Neuropathol. Exp. Neurol. 60,
302–312.

2. He, H., and Liu, X. (2013). Characterization of transcriptional complexity during
longissimus muscle development in bovines using high-throughput sequencing.
PLoS ONE 8, e64356.

3. Hatziapostolou, M., Polytarchou, C., Aggelidou, E., Drakaki, A., Poultsides, G.A.,
Jaeger, S.A., Ogata, H., Karin, M., Struhl, K., Hadzopoulou-Cladaras, M., and
Iliopoulos, D. (2011). An HNF4a-miRNA inflammatory feedback circuit regulates
hepatocellular oncogenesis. Cell 147, 1233–1247.

4. Bulaklak, K., Xiao, B., Qiao, C., Li, J., Patel, T., Jin, Q., Li, J., and Xiao, X. (2018).
MicroRNA-206 downregulation improves therapeutic gene expression and motor
function in mdx mice. Mol. Ther. Nucleic Acids 12, 283–293.

5. Li, X., Li, Y., Zhao, L., Zhang, D., Yao, X., Zhang, H., Wang, Y.C., Wang, X.Y., Xia, H.,
Yan, J., and Ying, H. (2014). Circulating muscle-specific miRNAs in Duchenne
muscular dystrophy patients. Mol. Ther. Nucleic Acids 3, e177.
998 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
6. Dey, B.K., Gagan, J., and Dutta, A. (2011). miR-206 and -486 induce myoblast differ-
entiation by downregulating Pax7. Mol. Cell. Biol. 31, 203–214.

7. Dai, Y., Wang, Y.M., Zhang, W.R., Liu, X.F., Li, X., Ding, X.B., and Guo, H. (2016).
The role of microRNA-1 and microRNA-206 in the proliferation and differentiation
of bovine skeletal muscle satellite cells. In Vitro Cell. Dev. Biol. Anim. 52, 27–34.

8. Wei, X., Li, H., Yang, J., Hao, D., Dong, D., Huang, Y., Lan, X., Plath, M., Lei, C., Lin,
F., et al. (2017). Circular RNA profiling reveals an abundant circLMO7 that regulates
myoblasts differentiation and survival by sponging miR-378a-3p. Cell Death Dis. 8,
e3153.

9. Crist, C.G., Montarras, D., Pallafacchina, G., Rocancourt, D., Cumano, A., Conway,
S.J., and Buckingham, M. (2009). Muscle stem cell behavior is modified by
microRNA-27 regulation of Pax3 expression. Proc. Natl. Acad. Sci. USA 106,
13383–13387.

10. Huang, Z., Chen, X., Yu, B., He, J., and Chen, D. (2012). MicroRNA-27a promotes
myoblast proliferation by targeting myostatin. Biochem. Biophys. Res. Commun.
423, 265–269.

11. He, L., He, X., Lowe, S.W., and Hannon, G.J. (2007). microRNAs join the p53
network–another piece in the tumour-suppression puzzle. Nat. Rev. Cancer 7,
819–822.

12. Kristensen, L.S., Andersen, M.S., Stagsted, L.V.W., Ebbesen, K.K., Hansen, T.B., and
Kjems, J. (2019). The biogenesis, biology and characterization of circular RNAs. Nat.
Rev. Genet. 20, 675–691.

13. Qu, S., Zhong, Y., Shang, R., Zhang, X., Song, W., Kjems, J., and Li, H. (2017). The
emerging landscape of circular RNA in life processes. RNA Biol. 14, 992–999.

14. Hansen, T.B., Kjems, J., and Damgaard, C.K. (2013). Circular RNA andmiR-7 in can-
cer. Cancer Res. 73, 5609–5612.

15. Chen, G., Shi, Y., Liu, M., and Sun, J. (2018). circHIPK3 regulates cell proliferation
and migration by sponging miR-124 and regulating AQP3 expression in hepatocel-
lular carcinoma. Cell Death Dis. 9, 175.

16. Liu, X., Liu, B., Zhou, M., Fan, F., Yu, M., Gao, C., Lu, Y., and Luo, Y. (2018). Circular
RNA HIPK3 regulates human lens epithelial cells proliferation and apoptosis by tar-
geting the miR-193a/CRYAA axis. Biochem. Biophys. Res. Commun. 503, 2277–
2285.

17. Zeng, K., Chen, X., Xu, M., Liu, X., Hu, X., Xu, T., Sun, H., Pan, Y., He, B., andWang,
S. (2018). CircHIPK3 promotes colorectal cancer growth and metastasis by sponging
miR-7. Cell Death Dis. 9, 417.

18. Zheng, Q., Bao, C., Guo, W., Li, S., Chen, J., Chen, B., Luo, Y., Lyu, D., Li, Y., Shi, G.,
et al. (2016). Circular RNA profiling reveals an abundant circHIPK3 that regulates
cell growth by sponging multiple miRNAs. Nat. Commun. 7, 11215.

19. Li, Y., Zheng, F., Xiao, X., Xie, F., Tao, D., Huang, C., Liu, D., Wang, M., Wang, L.,
Zeng, F., and Jiang, G. (2017). CircHIPK3 sponges miR-558 to suppress heparanase
expression in bladder cancer cells. EMBO Rep. 18, 1646–1659.

20. Liu, H., Liu, Y., Bian, Z., Zhang, J., Zhang, R., Chen, X., Huang, Y., Wang, Y., and Zhu,
J. (2018). Circular RNA YAP1 inhibits the proliferation and invasion of gastric cancer
cells by regulating the miR-367-5p/p27 Kip1 axis. Mol. Cancer 17, 151.

21. Li, H., Yang, J., Wei, X., Song, C., Dong, D., Huang, Y., Lan, X., Plath, M., Lei, C., Ma,
Y., et al. (2018). CircFUT10 reduces proliferation and facilitates differentiation of
myoblasts by sponging miR-133a. J. Cell. Physiol. 233, 4643–4651.

22. Li, H., Wei, X., Yang, J., Dong, D., Hao, D., Huang, Y., Lan, X., Plath, M., Lei, C., Ma,
Y., et al. (2018). circFGFR4 promotes differentiation of myoblasts via binding miR-
107 to relieve its inhibition of Wnt3a. Mol. Ther. Nucleic Acids 11, 272–283.

23. Belfiore, A., Frasca, F., Pandini, G., Sciacca, L., and Vigneri, R. (2009). Insulin receptor
isoforms and insulin receptor/insulin-like growth factor receptor hybrids in physi-
ology and disease. Endocr. Rev. 30, 586–623.

24. Ciaraldi, T.P., Carter, L., Seipke, G., Mudaliar, S., and Henry, R.R. (2001). Effects of
the long-acting insulin analog insulin glargine on cultured human skeletal muscle
cells: comparisons to insulin and IGF-I. J. Clin. Endocrinol. Metab. 86, 5838–5847.

25. Zeng, Z., Zhou, W., Duan, L., Zhang, J., Lu, X., Jin, L., and Yu, Y. (2019). Circular
RNA circ-VANGL1 as a competing endogenous RNA contributes to bladder cancer
progression by regulating miR-605-3p/VANGL1 pathway. J. Cell. Physiol. 234, 3887–
3896.

http://refhub.elsevier.com/S2162-2531(20)30016-0/sref1
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref1
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref1
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref1
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref1
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref2
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref2
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref2
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref3
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref3
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref3
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref3
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref4
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref4
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref4
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref5
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref5
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref5
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref6
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref6
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref7
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref7
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref7
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref8
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref8
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref8
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref8
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref9
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref9
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref9
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref9
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref10
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref10
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref10
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref11
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref11
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref11
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref12
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref12
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref12
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref13
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref13
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref14
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref14
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref15
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref15
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref15
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref16
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref16
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref16
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref16
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref17
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref17
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref17
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref18
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref18
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref18
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref19
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref19
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref19
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref20
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref20
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref20
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref20
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref21
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref21
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref21
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref22
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref22
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref22
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref23
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref23
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref23
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref24
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref24
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref24
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref25
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref25
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref25
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref25


www.moleculartherapy.org
26. Hermeking, H. (2010). The miR-34 family in cancer and apoptosis. Cell Death Differ.
17, 193–199.

27. Capel, B., Swain, A., Nicolis, S., Hacker, A., Walter, M., Koopman, P., Goodfellow, P.,
and Lovell-Badge, R. (1993). Circular transcripts of the testis-determining gene Sry in
adult mouse testis. Cell 73, 1019–1030.

28. Jeck, W.R., Sorrentino, J.A., Wang, K., Slevin, M.K., Burd, C.E., Liu, J., Marzluff, W.F.,
and Sharpless, N.E. (2013). Circular RNAs are abundant, conserved, and associated
with ALU repeats. RNA 19, 141–157.

29. Te Pas, M.F., Keuning, E., Hulsegge, B., Hoving-Bolink, A.H., Evans, G., and Mulder,
H.A. (2010). Longissimus muscle transcriptome profiles related to carcass and meat
quality traits in fresh meat Pietrain carcasses. J. Anim. Sci. 88, 4044–4055.

30. Seino, S., Seino, M., Nishi, S., and Bell, G.I. (1989). Structure of the human insulin
receptor gene and characterization of its promoter. Proc. Natl. Acad. Sci. USA 86,
114–118.

31. Bailyes, E.M., Navé, B.T., Soos, M.A., Orr, S.R., Hayward, A.C., and Siddle, K. (1997).
Insulin receptor/IGF-I receptor hybrids are widely distributed in mammalian tissues:
quantification of individual receptor species by selective immunoprecipitation and
immunoblotting. Biochem. J. 327, 209–215.

32. Barrett, S.P., and Salzman, J. (2016). Circular RNAs: analysis, expression and poten-
tial functions. Development 143, 1838–1847.

33. Cheng, X., Zhang, L., Zhang, K., Zhang, G., Hu, Y., Sun, X., Zhao, C., Li, H., Li, Y.M.,
and Zhao, J. (2018). Circular RNA VMA21 protects against intervertebral disc degen-
eration through targeting miR-200c and X linked inhibitor-of-apoptosis protein.
Ann. Rheum. Dis. 77, 770–779.

34. Xu, J.-Y., Chang, N.-B., Rong, Z.-H., Li, T., Xiao, L., Yao, Q.-P., Jiang, R., and Jiang, J.
(2019). circDiaph3 regulates rat vascular smooth muscle cell differentiation, prolifer-
ation, and migration. FASEB J. 33, 2659–2668.
35. Cory, S., and Adams, J.M. (2002). The Bcl2 family: regulators of the cellular life-or-
death switch. Nat. Rev. Cancer 2, 647–656.

36. Sánchez-Beato, M., Sánchez-Aguilera, A., and Piris, M.A. (2003). Cell cycle deregu-
lation in B-cell lymphomas. Blood 101, 1220–1235.

37. Haupt, S., Berger, M., Goldberg, Z., and Haupt, Y. (2003). Apoptosis - the p53
network. J. Cell Sci. 116, 4077–4085.

38. Nelson, D.M., Ye, X., Hall, C., Santos, H., Ma, T., Kao, G.D., Yen, T.J., Harper, J.W.,
and Adams, P.D. (2002). Coupling of DNA synthesis and histone synthesis in S phase
independent of cyclin/cdk2 activity. Mol. Cell. Biol. 22, 7459–7472.

39. Ohtsubo, M., Theodoras, A.M., Schumacher, J., Roberts, J.M., and Pagano, M. (1995).
Human cyclin E, a nuclear protein essential for the G1-to-S phase transition. Mol.
Cell. Biol. 15, 2612–2624.

40. Geng, Y., Yu, Q., Sicinska, E., Das, M., Schneider, J.E., Bhattacharya, S., Rideout,
W.M., III, Bronson, R.T., Gardner, H., and Sicinski, P. (2003). Cyclin E ablation in
the mouse. Cell 114, 431–443.

41. Chen, L.-L., and Yang, L. (2015). Regulation of circRNA biogenesis. RNA Biol. 12,
381–388.

42. Welch, C., Chen, Y., and Stallings, R.L. (2007). MicroRNA-34a functions as a poten-
tial tumor suppressor by inducing apoptosis in neuroblastoma cells. Oncogene 26,
5017–5022.

43. Okada, N., Lin, C.-P., Ribeiro, M.C., Biton, A., Lai, G., He, X., Bu, P., Vogel, H.,
Jablons, D.M., Keller, A.C., et al. (2014). A positive feedback between p53 and
miR-34 miRNAs mediates tumor suppression. Genes Dev. 28, 438–450.

44. Miyake, M., Takahashi, H., Kitagawa, E., Watanabe, H., Sakurada, T., Aso, H., and
Yamaguchi, T. (2012). AMPK activation by AICAR inhibits myogenic differentiation
and myostatin expression in cattle. Cell Tissue Res. 349, 615–623.
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 999

http://refhub.elsevier.com/S2162-2531(20)30016-0/sref26
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref26
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref27
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref27
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref27
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref28
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref28
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref28
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref29
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref29
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref29
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref30
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref30
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref30
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref31
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref31
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref31
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref31
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref32
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref32
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref33
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref33
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref33
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref33
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref34
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref34
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref34
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref35
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref35
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref36
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref36
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref37
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref37
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref38
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref38
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref38
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref39
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref39
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref39
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref40
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref40
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref40
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref41
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref41
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref42
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref42
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref42
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref43
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref43
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref43
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref44
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref44
http://refhub.elsevier.com/S2162-2531(20)30016-0/sref44
http://www.moleculartherapy.org

	circINSR Promotes Proliferation and Reduces Apoptosis of Embryonic Myoblasts by Sponging miR-34a
	Introduction
	Results
	Identification of circINSR as a Candidate circRNA
	Overexpression of circINSR Promotes the Myocytes’ Proliferation
	Silencing of circINSR Inhibits Myocyte Proliferation
	Effects of circINSR on Cell Apoptosis
	circINSR Acts as a Molecular Sponge for miR-34a
	circINSR Regulated Cell Proliferation and Apoptosis in a miR-34a-Dependent Manner

	Discussion
	Materials and Methods
	Tissue Specimens
	Cell Culture and Treatment
	RNA Preparation, Treatment with RNase R, and Actinomycin D
	RNA-FISH
	Dual-Luciferase Reporter Assay
	RIP Assay
	Cell Proliferation Assay
	Cell Cycle Assay
	Cell Apoptosis Assay
	ΔΨm Assay
	Western Blot Analysis
	Statistical Analyses

	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References


