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Circular RNA SNX29 Sponges miR-744 to Regulate
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Myogenesis is a complex and precisely orchestrated process
that is highly regulated by several non-coding RNAs and signal
pathways. Circular RNAs (circRNAs) represent a novel subclass
of endogenous non-coding RNAs that have been identified in
multiple species and tissues and play a vital role in post-tran-
scriptional regulation in eukaryotes, but the precise molecular
mechanism of action remains largely unknown. Here, we
screened a candidate circRNA derived from the SNX29 gene,
termed circSNX29 from our previous circRNAs sequencing
data of bovine skeletal muscle, and further characterized its
regulation and function during muscle development. The over-
expression of circSNX29 facilitated myoblasts differentiation
and inhibited cell proliferation. Computational analysis using
RNAhybrid showed the potential for circSNX29 to sponge to
miR-744 with nine potential binding sites. We tested this via
a luciferase screening assay and found that circSNX29 directly
interacted with miR-744 and downregulation of miR-744 effi-
ciently reversed the suppression of Wnt5a and CaMKIIOJ.
Importantly, through the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways enrichment analysis, Fluo-4, AM,
cell permeant-calcium ion fluorescent probing, and western
blotting assays, we found that overexpression of Wnt5a and
circSNX29 activated the non-canonical Wnt5a/Ca”* pathway.
Overall, the evidence generated by our study elucidates the reg-
ulatory mechanisms of circSNX29 to function as a sponge for
miRNA-744 in bovine primary myoblasts.

INTRODUCTION

Muscle development, growth, regeneration, and maintenance are
crucial components of human and animal health, as muscles provide
the necessary structural support that maintains movements and also
stores energy required for overall body metabolism."” Thus, muscle
growth plays a vital role in overall body metabolism. Core myogenic
regulators, including myogenic differentiation (MyoD), myogenic
factor 5 (Myf5), myogenin (MyoG), and myogenic regulatory factor 4
(Mrf4), are involved in the complex process of myogenesis,”” but
other regulators that have been identified and suggested to regulate
muscle development include microRNAs, long non-coding RNAs,
and circular RNAs.* ' However, the regulatory mechanisms under-

lying differences in muscle development and meat quality remain
poorly understood."!

MicroRNAs (miRNAs) are small, highly conserved, non-coding
RNA about 18~24 nt in length that are involved in the regulation
of diverse biological processes, such as cell proliferation, cell
apoptosis,'> myoblast differentiation, and development.'>'* Circular
RNAs are another class of endogenously expressed non-coding
RNAs formed as covalently closed loops through back-splicing,
with greater stability and higher conservation in mammalian cells
than microRNAs and long non-coding RNAs (IncRNAs)."® Circular
molecules were previously observed in viral genomes,'® and the first
circRNAs in eukaryotic cells were found in HeLa cells,'” but the po-
tential roles of these molecules are just starting to be described.'®
The development of RNA deep sequencing technology and bioinfor-
matics has enabled in-depth characterization of circRNAs, including
identification, abundance, measurements, and determination of po-
tential function.'” However, we are at the early stage of identifying
and characterizing circRNAs in livestock.””*' Previous study re-
vealed that miR-744 was highly expressed in skeletal muscle tissue
from rhesus monkeys.””> Other studies reported that miR-744 pro-
motes cancer cell proliferation and migration;*® but a functional
role of miR-744 during bovine primary myoblast development has
not been established.

Several circRNAs have been described as competing endogenous
RNAs (ceRNAs) that can function as a sponge for microRNAs.*
Although knowledge of circRNA function is limited,”> Sry and
ciRS-7, two well-known circRNAs, serve as sponges for miR-138
and miR-7, respectively,'>*° thereby suggesting that circRNAs can
play a vital role in post-transcriptional regulation. Recently, a new
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Figure 1. Expression Profile of miR744 in Bovine Skeletal Muscle

(A) The expression of ten microRNAs (miRNAs) in skeletal muscle of Qinchuan cattle at embryonic stage. (B) miR-744 is expressed in different tissues of Qinchuan cattle at
embryonic stage. (C) The expression of miR-744 in skeletal muscle of Qinchuan cattle between the embryonic stage and the adult stage. (D) miR-744 expression in different
stages of differentiation (—1, 0, 1, 3, and 5 days). (E) The location of miR-744 in MAP2K4 gene. (F) miR-744 is highly conserved among different species. Values are mean +

SEM for three biological replicates; **p < 0.01; **p < 0.001.

subclass of circRNAs, termed exon-intron circRNAs (EIciRNAs), has
been proven to serve as transcriptional regulators and interact with
RNA polymerase IT and U1 in the nuclear.*”

Wnt5a protein influences cell homeostasis by regulating cell fate
determination, cell proliferation, and differentiation.”®*’ Tt is re-
ported that CaMKIId promotes muscle differentiation at multiple
levels.”® In addition, McKinsey et al.>' and Backs et al.>* found that
CaMKIId phosphorylates histone deacetylase 4 and 5 (HDAC4/5)
to enhance nuclear exports and releases myocyte enhancer factor 2
(MEF2). Furthermore, the Wnt5a-calcium-CaMKIIS pathway is
also involved in basal cell carcinoma differentiation and retinoic-
acid-induced myogenic abnormalities of tongue.”>**

In this work, we generated and screened circRNAs sequencing data
of Qinchuan cattle muscle tissue from NCBIL: GSE87908 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=atglausktpsjlel&acc=
GSE87908). We focused on endogenous circSNX29 and found that
circSNX29 was differentially expressed in embryonic and adult mus-
cle tissue. We then characterized this potential candidate circRNA
and its function in bovine skeletal muscle development. The results
revealed that circSNX29 reduced myoblast proliferation and pro-
moted cell differentiation. Mechanistically, circSSNX29 directly inter-
acts with miR-744, positively upregulated the expression of Wnt5a
and CaMKII$ through improper activation of the Wnt5a/Ca**
signaling pathway, and promoted myoblast differentiation. These re-
sults contribute to our current understanding of circRNA and
microRNA function in myogenesis.
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RESULTS

Identification of miR-744 in Bovine Skeletal Muscle

Our previous study found that several muscle-specific or mature
microRNAs, including miR-744, exhibit drastically changed expres-
sion in Qinchuan bovine muscle tissue.”” Variations in microRNA
expression revealed significant upregulation of miR-744 (Figure 1A),
and these increased levels of miR-744 were confirmed via real-time
PCR in muscle tissue (Figure 1B). We found miR-744 to be highly
expressed at the embryonic stage compared with the adult stage (Fig-
ure 1C). Mature miR-744 is located in the fourth intron of mitogen-
activated protein kinase kinase 4 (MAP2K4) in chromosome 19
(Figure 1D). Interestingly, the expression of miR-744 was downregu-
lated during myoblast differentiation (Figure 1E). Based on these
results, we conjecture that miR-744 may act as a negative regulator
during muscle development. Noticeably, the sequence of miR-744 is
highly conserved among cow, human, mouse, and rhesus monkeys
(Figure 1F).

Overexpression of miR-744 Promotes Cell Proliferation while
Suppressing Apoptosis

To investigate the functional role of miR-744 in the proliferation and
apoptosis of bovine primary myoblasts, we performed flow cytometry
assay, Cell Counting Kit-8 (CCK-8) assay, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay, qRT-PCR anal-
ysis, 5-ethynyl-2’-deoxyuridine (EdU) assay, western blotting assay,
and cell apoptosis assay. Flow cytometry assay showed that miR-
744 notably increased the number of myoblasts in the S phase and
decreased the proportion of cells at GO/G1 and G2 phases, suggesting
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Figure 2. Effect of miR-744 Overexpression on the Cell Proliferation

(A-G) Myoblasts treated with pcDNAS3.1 or pcDNA3.1-miR-744 were subsequently incubated with growth medium for 24 h and cell phase analyzed (A) and counted (B) by
flow cytometry. (C) Cell proliferation index was measured by cell counting kit-8 (CCK-8) assay. (D) Cell proliferation was measured by MTT assay. (E) Cell proliferation was
measured with 5-ethynyl-20-deoxyuridine (EdU); the scale bars represent 200 um. (F and G) The expression of proliferation marker gene PCNA, CDK2, and cyclin D1 was
measured by real-time gPCR (F) and western blotting (G). Values are mean + SEM for three biological replicates; *p < 0.05; *p < 0.01.

an effect of miR-744 on cell proliferation (Figures 2A and 2B). Later,
CCK-8 assay and MTT assay revealed that miR-744 significantly pro-
moted cell viability (Figures 2C and 2D). We also detected cell prolif-
eration using an EdU incorporation assay, and miR-744 increased
the mitotic activity of myoblasts (Figure 2E). Similarly, we found
that miR-744 significantly enhanced the expression of proliferation-
related markers, including cyclin D1, CDK2, and proliferating cell
nuclear antigen (PCNA) at both the mRNA and protein levels (Fig-
ures 2F and 2G).

We then asked whether miR-744 affects cell apoptosis. Hoechst
33342/propidium iodide (PI) dual staining assay was performed
and revealed that miR-744 inhibited cell apoptosis (Figure S1A).
Western blotting assay and qRT-PCR analysis similarly showed
that miR-744 significantly increased protein and mRNA expression
levels of three cell-survival-related genes, Bcl-2, p53, and Bax (Figures
S1B and S1C). These results demonstrate that miR-744 promotes cell
proliferation and suppresses myoblast apoptosis.

Overexpression of miR-744 Inhibits Cell Differentiation

To explore whether miR-744 regulates myoblast differentiation, we
measured the expression levels of miR-744 during the myoblast dif-
ferentiation period and found that the expression of miR-744
decreased in a time-dependent manner (Figure 1E). Next, cells
treated with pcDNA;;-miR-744 or pcDNA3.1 were induced to
differentiate for 4 days and then the expression of established
myogenic markers, MyoD, MyoG, and myosin heavy chains
(MyHCs), was detected at both the mRNA and protein levels (Fig-
ures 3A and 3B). Immunofluorescence assay revealed that miR-744
reduced MyHC expression and myotube formation (Figure 3C).
Conversely, knockdown of miR-744 promoted cell differentiation
(Figures 3D-3F). Together, these results imply that miR-744 sup-
presses myoblast differentiation.

miR-744 Respectively Targets Wnt5a and CaMKIId
To elucidate the mechanism underlying miR-744-modulated cell pro-
liferation and differentiation, we identified and screened potential
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Figure 3. Overexpression of miR-744 Inhibits Differentiation of Bovine Primary Myoblasts

(A-C) Myoblasts were treated with p)cDNA3.1 or pcDNAS3.1-miR-744. (A and B) The mRNA and protein expression of cell differentiation markers, MyoG, MyoD, and MyHC,
was measured by real-time gPCR (A) and western blotting (B). (C) Cell differentiation was also detected by immunofluorescence; the scale bars represent 200 um. (D) The
efficiency of miR-744 knockdown was evaluated by gPCR. (E) Real-time gPCR analysis of the differentiation-related genes. (F) Western blot analysis of MyOG, MyOD, and
MyHC protein levels with B-actin treatment. (G) 293T cells were co-transfected with p)cDNA3.1-miR-744 and psi-CaMKII3 (or) psi-Wnt5a-3' UTR-W/Mut. (H and ) The mRNA
and protein expression of CaMKII3 and Wnt5a was measured via real-time gPCR (H) and western blotting (). Values are mean + SEM for three biological replicates; *p < 0.05;

**p < 0.01; *p < 0.001; NS, no significant differences.

targets of miR-744 by application of bioinformatics software
TargetScan, miRTarBase, and DAVID and then focused on six candi-
date genes related to muscle development (Figure S1D). We found
that the 3 UTRs of Wnt5a and CaMKIId contained conserved target
sites for miR-744 (Figure S1E). Luciferase reporter assay (Figure S1F)
revealed that luciferase activity was significantly decreased when cells
were co-transfected with pcDNA-miR-744 and psi-CaMKII3-3’ UTR
or psi-Wnt5a-3' UTR. Conversely, the luciferase activity showed a
slight increase in the mutated treatment groups (Figure 3G). Consis-
tently, we found that miR-744 dramatically inhibited the expression
of CaMKIIS and Wnt5a at both the mRNA and protein levels (Figures
3H and 3I).
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Effects of Wnt5a and CaMKII5 on Myoblast Proliferation,
Apoptosis, and Differentiation

To characterize the roles of Wnt5a and CaMKIIS in myoblast devel-
opment, we overexpressed Wnt5a and knocked down CaMKII3 by
synthesizing small interfering RNA (siRNA) to target these genes
(Figures S2A-S2D). We detected the expression of PCNA, CDK2,
and cyclin D1 and found that Wnt5a overexpression decreased the
expression levels of these genes (Figure 4A). Conversely, si-CaMKII&
favored cell proliferation (Figure 4B). The results of the EAU assay
were similar (Figures 4C and 4D). Also, we found that si-CaMKIIJ
decreased the expression levels of three myogenic markers, MyoG,
MyoD, and MyHC, whereas Wnt5a overexpression had the opposite
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Figure 4. Effects of Wnt5a Overexpression and CaMKII3 Silencing on the Cell Proliferation and Differentiation

(A and B) Bovine primary myocytes were treated with pcDNA3.1-Wnt5a (A) or si-CaMKII3 (B), and the mRNA and protein levels of proliferation marker genes were measured
by real-time gPCR and western blotting. (C and D) Bovine primary myocytes were treated with pcDNAS3.1-Wnt5a (C) or si-CaMKII3 (D), and cell proliferation was measured
with 5-ethynyl-20-deoxyuridine (EdU); the scale bars represent 200 um. (E and F) Bovine primary myocytes were treated with pcDNAS3. 1-Wnt5a (E) or si-CaMKII3 (F), and the
mMRNA and protein expression of differentiation marker genes MyoG, MyoD, and MyHC was measured by real-time gPCR and western blotting. (G and H) C2C12 cells were
treated with pcDNAS. 1-Wnt5a (G) or si-CaMKII3 (H), and cell differentiation was measured by immunofluorescence; the scale bar represents 200 um. Values are mean + SEM

for three biological replicates; *p < 0.05; **p < 0.01.

effect on these markers (Figures 4E and 4F). Consistently, similar re-
sults were obtained by immunofluorescence assay (Figures 4G and
4H). For cell apoptosis, marker genes Bcl-2 and caspase-9 were
detected using qPCR and western blotting assays. The results
showed that si-CaMKIIS inhibited expression of these marker genes,
with an anti-apoptosis effect, whereas Wnt5a overexpression induced
cell apoptosis (Figures S2E-S2G). Together, these results suggest
that Wnt5a and CaMKIId may play vital roles in myoblast
development.

Overexpression of circSNX29 Serves as a Competing
Endogenous miRNA-744 Sponge to Attenuate Its Inhibitory of
Wnt5a

To identify specific circRNAs in bovine skeletal muscle, we
randomly selected nine differentially expressed circRNAs from the
circRNAs sequencing data and showed that the expression of
circRNA243 was much higher at the embryonic stage compared
with the adult stage (Figure S3A). Also, we found that circRNA243
is generally expressed in various tissues of fetal cattle (Figure 5A).
As circRNA243 is transcribed from SNX29 gene, we termed it
circSNX29. We confirmed the size and sequence of an amplified
PCR product with specific circRNA junctions by Sanger sequencing
(Figure 5B). To study the stability and localization of circSNX29 in

myoblasts, we extracted total RNA of myoblasts treated with actino-
mycin D, a RNA synthesis inhibitor. The results showed that a half-
life of circSNX29 was exceeding 12 h, whereas the linear SNX29
mRNA exhibited a half-life that was less than 4 h (Figure 5C). In
addition, resistance to digestion with RNase R exonuclease further
indicated that circSNX29 was more stable than linear SNX29 (Fig-
ure 5D). Finally, nucleoplasmic separation assay showed that
circSNX29 was prevailingly expressed in the cytoplasm (Figure 5E).
These findings demonstrate that circSNX29 is a candidate and stable
circRNA.

Exonic circRNA primarily exists in the cytoplasm, where it func-
tions as a microRNA sponge to mediate gene expression. Thus,
we next assessed the ability of circSNX29 to bind to microRNAs.
Online bioinformatics databases (TargetScan and RNAhybrid)
were used to identify microRNA recognition sequences on bovine
circSNX29 and revealed the presence of nine putative miR-744
binding sites, and three binding sites are shown in Figure 5F.
circSNX29 overexpression significantly decreased the relative
abundance of miR-744 (Figures S3B and S3C). In addition, our
luciferase assay revealed that miR-744 suppressed Rluc expression
of psiCHECK2-circSNX29" constructs (Figure 5G). Notably, the
sensor assay further verified direct binding between circSNX29

Molecular Therapy: Nucleic Acids Vol. 16 June 2019 485


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

© 15 Actinomycin D - cireSNX29
= - SNX20 mRNA
g
2w o
i3 = ciresNX, Ch 2527800 = g1
5% GAGAGTTAC SWISHNAZS, Chromosome 25, 218 8P TGocse 166 K
= cl
29 =
9 520 i 2 05
E< f\
3 ° 10 A
& L ~ )
o " - Divergent primers on Py oh 12h 2in
IO
&é < \@\ \&3{ &‘ﬁ&“" &e <
> <K &
&
E F RNAhybrid
D RNase R =15 cireSNX29/miR-744 AG=-31.5 keal/mol
- + i - e CircSNX29 §' A A G U3
2
5 = UGC UGGCU GGCCCCGC
circSNX29 )
E ACG AUCGG UCGGGGCG
< miR-744 3 ACA GA us
SNX29 E cireSNX29/miR-744 AG=-22.5 keal/mol circSNX29/miR-744 AG=-20.1 keal/mol
E
o ireSNX295' A G GA ¢ G ¥ cireSNX29 5¢ A AGGAG c ¥
k=3 GU UG AGCC AGUCCU CA Geee AGUCCU
= ]
£ 15 = Mock & CGAC UCGG UCGGGG GU UCGG UCGGGG
== RNase R ireS
$ cireSNX29 SNX29 mRNA miR744 3 A AA GA c 5 miR-744 3' ACGACAA  GA CGU §
g
=
<
Z Nuclear Cytoplasm
&
£ GAPDH
@
&
g ooz .
cireSNX29 SNX29 mRNA £
% 20 Hdk
= "
£ 15 =
SV40 HSV-TK H
H g 10
S
o Z 05
miR-744 sensor Poly(A) Poly(A) == =
(psiCHECK2-miR-744 2X) £ 00
(miR-744 Complementary PDNASL+ -+ = = =
S 2 PCK-cireSNX20-W  + + + -
equence) X miR-744 — # - +
PCK-cireSNX29-M  — - + +
I zos J K
5 s = 5. >
Z [ ] = Control e
g 2 m—cireSNX29 5 o
o £ 4 B circSNX29+miR-744 > R &
2 04 o 3 = SF
o X R
8 ] O o o
3
Z 02 Z,
- @
3 £1
3 =
-4

+

o

miR-744 sensor
PeDNA3.1+
pcDNA-miR-744
peDNA-cire-SNX29

Wnt5a

- CaMKlIo

+ o+
0.1 0.2ug

I+ +
I+ +

Figure 5. circSNX29 Acts as a ceRNA for miRNA-744

(A) The expression of circSNX29 in different tissues of Qinchuan cattle at embryonic stage. (B) Schematic view illustrating the design of primers for circSNX29 used in gPCR.
(C) The levels of circSNX29 and linear SNX29 expression in myoblasts treated with actinomycin D (1 ng/mL) at the indicated time points were detected by gRT-PCR. (D) The
mMRNA levels of circSNX29 and linear SNX29 in myoblasts treated with RNase R were determined by gRT-PCR. (E) gqRT-PCR data indicating the abundance of circSNX29
and SNX29 mRNA in either the cytoplasm or nucleus of myoblasts. (F) RNAhybrid predicted miR-744 binding sites at three distinct positions in circSNX29. (G) pcDNA3.1-
miR-744 was co-transfected with psiCheck2-circSNX29-W (pCK-circSNX29-W) (or) psiCheck2-circSNX29-M (pCK-circSNX29-M) into 293T cells. (H) miR-744 sensor
construct. (I) Indicated constructs were each transfected into HEK293T cells along with p)cDNA3.1+ or pcDNA-miR-744. (J and K) The mRNA expression of direct targets of
CaMKII3 and Wnt5a was detected by gRT-PCR (J) and western blotting (K). Values are mean + SEM for three biological replicates; *p < 0.05; **p < 0.01; **p < 0.001; ***p <

0.0001.

and miR-744 (Figures 5H and 5I). To explore whether the under-
lying mechanism of circSNX29 on muscle development was attrib-
uted to miR-744-mediated regulation of Wnt5a and CaMKIIJ, we
treated myoblasts with circSNX29 and (or) miR-744. As expected,
circSNX29 significantly upregulated the expression of Wnt5a and
CaMKIIJ, but miR-744 overexpression somewhat relieved this ef-
fect (Figures 5] and 5K). These results suggest that circSNX29
directly sequesters miR-744 and acts as a decoy to attenuate
the suppressive effects of microRNA on Wnt5a and CaMKII3
expression.
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Effects of circSNX29 on Cell Differentiation, Proliferation, and
Apoptosis

To study the involvement of circSNX29 in myoblast differentiation,
the expression of circSNX29 was detected at different stages of differ-
entiation. We found that the expression of circSNX29 exhibited an
increasing and time-dependent trend (Figure 6A). We next measured
the expression of MyoG and MyoD in myoblasts after 4 days of dif-
ferentiation. The results showed that circSNX29 notably increased
expression of MyoG and MyoD at the mRNA and protein levels,
but when co-transfected with miR-744, the expression of MyoG
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Figure 6. circSNX29 Binding miR-744 to Promote Differentiation of Bovine Primary Myocytes

(A) circSNX29 expression in different stages of differentiation. (B-K) Myoblasts were treated with pcDNA2.1-circSNX29 (or) pcDNAS.1-miR-744 and pcDNA2.1-circSNX29.
(B and C) The mRNA and protein expression of cell differentiation markers (MyoG and MyoD) were measured by real-time gPCR (B) and western blotting (C). (D) Cell dif-
ferentiation was also measured by immunofluorescence assay; the scale bars represent 200 um. Cell phase was analyzed (E) and counted (F) by flow cytometry. (G) Cell
proliferation index was detected by CCK-8 assay. (H) Cell proliferation was detected via MTT assay. () Cell proliferation was detected with EdU; the scale bars represent
100 um. (J and K) The expression of proliferation marker gene PCNA and cyclin D1 was measured by real-time gPCR (J) and western blotting (K). Values are mean + SEM for

three biological replicates; *p < 0.05; **p < 0.01.

and MyoD decreased dramatically (Figures 6B and 6C). Through the
immunofluorescence assay, we found that circSNX29 favored MyHC
expression and myotube formation, but this effect was somewhat
reversed by miR-744 overexpression (Figure 6D). Our results reveal
that circSNX29 facilitates differentiation of myoblasts by regulating
concentrations of miR-744.

Given the high abundance of circRNAs in muscle tissues, we next
aimed to evaluate the biological roles of circSNX29 on cell prolifera-
tion. To do this, we first measured the proliferation of myoblasts
transfected with pcDNA-circSNX29 and (or) miR-744 using cell cycle
analysis, CCK-8 assays, MTT assays, EAU incorporation assays, qRT-
PCR analysis, and western blotting assays. The results displayed that
circSNX29 inhibited cell proliferation (Figures 6E-6K). Given that
miR-744 can enhance the protection effect of myoblasts from
apoptosis, we then asked whether circSNX29 could affect myoblast
apoptosis by regulating miR-744. Hoechst 223342 and PI dual stain-
ing assay showed that circSNX29 induced myoblast apoptosis and
eliminated the anti-apoptotic effect induced by co-transfection with
miR-744 (Figure S3D). Notably, circSNX29 also increased expression
of Bcl-2 and caspase-9 (Figure S3E). On the contrary, silencing of
circSNX29 promoted cell proliferation and inhibited differentiation

(Figure S4).Taken together, these results demonstrate that circSNX29
inhibits primary bovine myoblasts proliferation and induces cell
apoptosis by sequestering miR-744.

Overexpression of circSNX29 Enhances Activation of the Wnt5a/
Ca®* Pathway by Regulating the miR-744-Wnt5a-CaMKII5 Axis

in Skeletal Muscle Development

To further explain these findings, we then sought to explore the func-
tional mechanism of circSNX29. Using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways database and the Omicsbean
online software, we screened the top 10 enrichment pathways, such as
Wnht signaling pathway (Figure 7A). Intriguingly, we found that over-
expression of Wnt5a and circSNX29 in myoblasts significantly upre-
gulated the expression levels of CaMKII3, a well-known positive regu-
lator of Wnt5a/Ca®" signaling,”® but repressed mRNA expression of
cyclin D1 (Figures 7B and 7C). Based on these findings, Wnt5a/Ca*"
might be a crucial signaling pathway in skeletal muscle development.

Previous studies have shown that Wnt5a activates both the Wnt5a/
Ca®" pathway (Figure 7D) and the canonical pathway.”” ** In turn,
activation of the Wnt5a/Ca** pathway may antagonize the canonical
pathway.*' Thus, it is not known whether there is a change in
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Figure 7. Overexpression of circSNX29 Promotes Activation of Wnt5a/Ca?* Pathway by Regulating miR-744-Wnt5a/CaMKII5 Axis

(A) KEGG enrichment pathways result. (B and C) The downstream mediators of Wnt5a were detected by gPCR (B) and western blotting (C). (D) Schematic presentation of
Wnt5a/Ca?*/calcineurin/NFATC1 signaling pathways. (E) Analysis of the intracellular variation of calcium concentration by confocal microscopy. (F) CamKIl activity assays.
(G) Western blotting on myoblasts to detect the levels of phosphorylated PLC and PKC. (H and |) The expression of calcineurin and NFATC1 was detected by gRT-PCR (H)
and western blotting (1). Values are mean + SEM for three biological replicates; “p < 0.05; **p < 0.01.

B-catenin level; we found that Wnt5a and circSNX29 slightly
increased B-catenin levels but miR-744 dramatically decreased it,
implying that miR-744 may block the canonical Wnt pathway (Fig-
ure S3F). Subsequently, we focused on the Wnt5a/Ca®" pathway.
Confocal microscopy assay showed that overexpression of Wnt5a
and circSNX29 obviously increased intracellular calcium concentra-
tion (Ca**) compared with control cells, whereas miR-744 overex-
pression had no difference (Figure 7E). Congruously, CamKII activity
assays revealed that Wnt5a and circSNX29 were higher than the miR-
744 group (Figure 7F). Additionally, transfection of Wnt5a and
circSNX29 into primary bovine myoblasts increased the levels of
phosphorylated phospholipase C (PLC) and protein kinase C
(PKC) (Figure 7G), thereby indirectly inhibiting the expression of
PCNA and cyclin D1 (Figures 4A, 6], and 6K), implying that
Whnt5a and circSNX29 overexpression may activate the non-canoni-
cal signaling pathway and inhibit cell proliferation. Finally, we de-
tected the effects of Wnt5a and circSNX29 on the expression of calci-
neurin and NFATCI, a well-known nuclear transcription factor of
Wnt5a/Ca®" signaling, and found that Wnt5a and circSNX29 signif-
icantly increase the mRNA and protein levels of both genes (Figures
7H and 7I). Downstream target genes of NFATC1 were also signifi-
cantly increased, including MyoD, MyoG, and MyHC (Figures 4E
and 6B-6D), suggesting that NFATCI might regulate the transcrip-
tion of myogenic marker genes to promote myoblast differentiation.
Overall, these results indicate that Wnt5a/Ca>" is a crucial pathway
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involved in muscle progression and is regulated by the cirSNX29-
miR-744-Wnt5a-CaMKIIJ axis (Figure 8).

DISCUSSION

In recent years, muscle growth and development mainly focus on pro-
tein-coding genes,”” microRNAs,”> and long non-coding RNAs.**
However, existing knowledge of circRNAs in myogenesis is largely
limited. In the present comprehensive study, we identify a skeletal-
muscle-related circSNX29 that promotes myogenesis in vitro. By
functioning as a ceRNA, overexpression of circSNX29 sequesters
miR-744 away from Wnt5a to increase the expression level of
Whnt5a and phosphorylation level of PKC, thereby activating the
Wnt5a/Ca’" signaling pathway to regulate muscle development.

Based on the demonstrated properties of microRNAs, these mole-
cules are of high interest for development as therapeutic strategies
4546 Nevertheless, the spe-
cific function of microRNAs in bovine muscle development is largely
unknown. In this study, miR-744 was identified from RNA
sequencing analysis and was significantly upregulated in bovine em-
bryonic muscle tissue compared with other microRNAs. Thus, we
hypothesized that miR-744 might be involved in muscle develop-
ment. As previous reports showed, miR-744 serves as either a tumor
suppressor or oncogene in regulating various tumors.”” Intriguingly,
Feng et al.*® indicated that miR-744 inhibited human hepatocellular

for the treatment of cancers and tumors.
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carcinoma proliferation by downregulating c-Myc. Consistent with
previous reports,””*” our current study showed that miR-744 can
promote cell growth. These results provide new evidence for the
role of miR-744 in the regulation of cell proliferation. To a large
extent, muscle development is due to cellular differentiation. It is re-
ported that many microRNAs may be involved in the progression of
cell differentiation, such as miR-17-5p, miR-20a, and miR-106a.>° By
modulating miR-744 activity, we found that miR-744 overexpression
inhibited myoblast differentiation, whereas silencing of miR-744
promoted differentiation. To the best of our knowledge, we first
demonstrated miR-744 as a potential and negative regulator of myo-
genesis. Notably, cell apoptosis plays a pivotal part in maintaining
tissue homeostasis and the immune system. Previous study has
shown that miR-744 negatively regulates Bcl-2, which results in
the inactivation of apoptosis signaling of cervical cancer cells,
ameliorating cervical cancer survival.”! Likewise, the results of our
study also showed that miR-744 suppressed myoblast apoptosis,
implying that miR-744 may act as an anti-apoptotic regulator of pri-
mary bovine myoblasts.

Our preliminary bioinformatics analysis revealed that Wnt5a and
CaMKIIS are potential targets of miR-744. Also, we further verified

the results via luciferase reporter assay and explored the molecular
mechanism by which miR-744 regulates myogenesis. To study the
function of Wnt5a and CaMKIIS in vitro, we performed Wnt5a over-
expression or CaMKIIS knockdown in primary bovine myoblasts.
Overexpression of miR-744 inhibited Wnt5a and CaMKIIS at the
post-transcriptional level, whereas Wnt5a overexpression relieved
miR-744-induced inhibition of cell differentiation and silencing of
CaMKIIS suppressed cell differentiation and apoptosis. It has been re-
ported that Wnt5a and CaMKIIS respectively played a positive role in
osteogenic differentiation, vascular smooth muscle proliferation, and
human failing hearts.”*>*>

As a new post-transcriptional regulator, it has been reported that
circRNAs, same as endogenous RNAs, could participate in post-
transcriptional regulation by binding microRNAs.** For example,
circRNAs interacted with many microRNAs related to skeletal muscle
myogenesis, such as miR-378a-3p and miR-107, but so far only some
bovine circRNAs have been confirmed to play a specific role in muscle
development, such as circLM07°° and circFGFR4.”* In this study,
based on the differentially expressed circRNAs, we found that the
expression of circSNX29 was significantly downregulated in skeletal
muscle. Here, with a combination of bioinformatic tools, we analyzed
that circSNX29 might target with microRNAs. Luciferase reporter as-
says showed that circSNX29 is a direct target of miR-744 in bovine
primary myoblasts. Additionally, we showed that circSNX29 acts as
a modulator of cell proliferation and apoptosis by sponging miR-
744 in myoblasts. Moreover, we found that circSNX29 overexpression
(not linear SNX29 mRNA) significantly promoted cell differentiation,
whereas this effect was reversed by miR-744 overexpression. Knock-
down of circSNX29 in myoblasts upregulated the level of miR-744
and attenuated the expression of MyoG, MyoD, and MyHC, thereby
inhibiting cell differentiation; we believe that the increased activity
of miR-744 due to circSNX29 relieved its inhibition of miR-744.
Therefore, circSNX29 promoted cell differentiation and indirectly
promotes the transcription of MyoG, MyoD, and MyHC proteins.
Because the mRNA level of circSNX29 is higher than that of
SNX29 gene and the differentiation-promoting role is performed by
circSNX29, the circRNA isoform of the SNX29 gene is likely an
important functional product of pre-SNX29 mRNA back-splicing.
Overall, these results further confirmed that circSNX29 functions
as a moderator of cell differentiation, proliferation, and cell survival
by binding miR-744.

The growth and development of skeletal muscle is a multistep process
divided into four major stages: muscle precursor cells are originated
from the somite; then myogenic precursors proliferate and differen-
tiate into myoblasts; afterward, myoblasts fuse into myotubes; and
finally, maturational myofibers give rise to the myotubes.>® These pro-
cesses are regulated by a multitude of complex signaling pathways,
including the Wnt protein (WNT) and transforming growth factor
B (TGE-B) pathways.”>” In this work, we showed that circSNX29
could attenuate the inhibitory effects of miR-744 on Wnt5a and
CaMKII3 expression in bovine primary myoblasts. Wnt5a and
CaMKII3 are key regulators of non-canonical Wnt5a/Ca®* pathways,
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and the binding of ectopic Wnt5a to Fz2 (Frizzled receptor 2) and Ror2
(tyrosine kinase-like orphan receptor 2) leads to the activation of the
non-canonical Wnt pathways,”® which induces NFATC1 or B-catenin
nuclear translocation, thereby regulating in the transcription of down-
stream genes, such as cyclin D1, c-Myc, and MyHC.”‘39 In addition,
Liu et al.” showed that downregulation of B-catenin can activate the
non-canonical Wnt5a/Ca®>" pathway, thereby promoting osteogenic
differentiation. However, our study demonstrated that downregulation
of B-catenin blocked Wnt5a/Ca®" signaling pathway during myoblast
differentiation. Consistent with these findings, Wnt5a/Ca®" signaling
also occurred downstream of circSNX29-miR-744-Wnt5a in primary
bovine myoblasts. More importantly, we demonstrated that overex-
pression of circSNX29 sponged miR-744 to activate the Wnt5a/Ca>"
pathway by upregulating Wnt5a and CaMKIIJ expression, which pro-
moted myoblast differentiation progression. However, it is not known
that transcription factor NFATCl directly or indirectly binds to
MyoG, MyoD, and MyHC, and further study is necessary to clarify
how NFATC1 may regulate them.

Notably, the abnormal development of skeletal muscle is also accom-
panied by muscle diseases, such as atrophy, hypertrophy, and primary
muscle disorders. Emerging evidences demonstrate a potential role of
microRNAs in muscle development, diseases, and regeneration.(““'(’l
Williams et al.®? reported that the levels of miR-1, -206, and -133a
promote regeneration and delay disease progression of neuromus-
cular synapses. Similar to miR-133a, we have also observed that
miR-744 inhibits myoblasts differentiation, suggesting microRNA’s
potency to treat muscular diseases. In addition, the dysregulation of
microRNAs may result in diseases associated with skeletal muscle.*’
To date, the regulatory studies of circRNAs in muscle diseases are
still in the early stage. Several studies indicate that circRNAs may
play key roles in Duchenne muscular dystrophy (DMD) and cardio-
vascular and heart diseases.”’ ®® In agreement with downregulated
circZNF609 in differentiated DMD myoblasts,66 we have identified
a downregulated circSNX29 in bovine primary myoblasts, implying
that the impacts of circSNX29 may be also essential for muscular dis-
eases. Overall, these observations of microRNAs and circRNAs will
open up the possibility of developing therapies for muscle disorders
in the future.

In summary, we identified a novel circSNX29 serves as an endoge-
nous miR-744 sponge to activate Wnt5a/Ca®*/CaMKII pathway, re-
sulting in promoting bovine myoblast differentiation, which may be
used as a potential target for regulation of myogenesis.

MATERIALS AND METHODS

Sample Preparation

Total RNAs of eight tissues at embryonic (heart, liver, spleen, lung,
kidney, subcutaneous adipose, muscle, and intestine) were obtained
and snap-frozen in liquid nitrogen and stored at —80°C freezer until
use. In addition, we collected six musculus longissimus tissue samples
of Qinchuan cattle from two developmental states (embryonic,
90 days; adult, 24 months) from a local slaughterhouse in Xi’an,
PRC. The animal materials were obtained with informed consent,
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and all experimental procedures were approved by the Animal Care
and Use Committee of Northwest A&F University.

Cell Lines

C2C12 and 293T cell lines were provided by our laboratory. Growth
medium (GM) for cell culture was high-glucose DMEM (HyClone,
Logan, UT, USA) with 10% fetal bovine serum (Gibco, Carlsbad,
CA, USA). To induce myogenic differentiation, GM was replaced
by differentiation medium (DM) containing high-glucose DMEM
supplemented with 2% horse serum (HyClone, Logan, UT, USA) after
C2C12 cells reached 70%~90% confluence. Medium was changed
every 2 days.

qRT-PCR

The nuclear and cytoplasmic fractions were extracted using a Nucle-
oprotein Extraction kit (Sangon Biotech). Total RNA was extracted by
TRIzol reagent according to the manufacturer (TaKaRa, Dalian,
China). For RNase R treatment, 1 pg of total RNA was incubated
for 20 min at 37°C with or without 2 units pg ' of RNase R and pu-
rified following the RNeasy MinElute cleaning Kit (QIAGEN, Hilden,
Germany). MicroRNA-specific stem-loop primers (Table S1) were
used to reverse-transcribe cDNA from the microRNAs. The primers
used for PCR are listed in Table S2. The 2"**" method was used to
calculate the expression levels from qPCR data.

Plasmid Construction

The full length of circSNX29 (Text S1), Wnt5a coding region, and
genomic fragments, including miR-744, were separately cloned into
pcDNA2.1 (+) and pcDNA3.1 (+) vectors (Invitrogen, Carlsbad,
CA, USA). The fragment of the circSNX29 3’ UTR containing the
binding site of miR-744 was amplified and inserted into the
psiCHECK-2 vector (Promega, Madison, W1, USA) at the 3’ end of
the Renilla gene using restriction enzymes Xho I and Not I (TaKaRa,
Dalian, China) and T4 DNA ligase. The mutant psiCHECK2-
circSNX29-3' UTR-Mut was obtained by mutating sequences comple-
mentary to the seed region of the miR-744 using a mutagenic primer.
Consistently, we generated the vectors of psi-CHECK-CaMKIId
and/or Wnt5a-W/Mut (pck-CaMKIIS and/or Wnt5a-W/Mut) ac-
cording to above method. All primer sequences are shown in Table S3.

Cell Culture and Treatments

We isolated and cultured primary bovine myoblasts from bovine
longissimus dorsi samples as previously described.”” Myoblasts were
cultured in high-glucose DMEM supplemented with fetal bovine
serum (Hyclone, USA; 20%) supplemented with double antibiotics
(1% penicillin and streptomycin; GM) at 5% CO,, 37°C. To induce
myoblast differentiation, cells were switched to DM at approximately
90% confluence. Myoblasts were transfected with pcDNA3.1-
miR-744, pcDNA3.1-Wnt5a, si-CaMKIIJ, or pcDNA2.1-circSNX29
when cell confluence reached about 80%. The si-CaMKII3
sequence is 5'-GATCGAAGCTATCAACAAT-3' (Ruibo, Guangz-
hou, China). Myoblasts were treated with the transcription inhibitor
actinomycin D (1 pg mL~"; Leagene, Beijing, China) or dimethylsulf-
oxide as a control to the medium.
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Detection of Intracellular Ca®* Signals with Confocal

Microscopy

After transfection for bovine primary myoblasts and induced differ-
entiation with DMEM containing 2% heat-inactivated horse serum
for 4 days, the change of calcium concentration was detected by using
Fluo-4, AM (Yeasen, Shanghai, China), a probe that accumulates
intracellularly and increases its green fluorescence signal on binding
Ca®". Different treatment groups of primary bovine myoblasts were
incubated with 4 pM of the cell-permeable Fluo-4, AM fluorescent
probe. After treatment for 25 min at 37°C in the dark, cells were
washed three times with Hank’s balanced salt solution (HBSS) me-
dium containing 1% Pluronic F-127. Fluorescence signal was assessed
using a confocal microscope at a wavelength of 494 nm (FV1000MPE,
Olympus Corporation, Japan).

Kinase Activity Assay
CamKII activity was measured with a CaM Kinase II Assay Kit
(Colorful Gene, Wuhan, China) according to the manufacturer.

Flow Cytometry for the Cell Cycle Assay

We analyzed the cell cycle of different treatment groups using a cell
cycle testing kit (Multisciences, Hangzhou, China). Myoblasts were
seeded in 60-mm plates (2 x 10° cells/well) with 3 mL culture me-
dium. 24 h after transfection, we harvested cells and washed them
in PBS buffer. After treatment with PI master mix (40 mg/mL of PI
and 100 mg/mL of RNase in PBS) at 37°C for 30 min, the cell suspen-
sion was subjected to flow cytometry (FACS Canto II, BD Biosciences,
USA), and each treatment group had three independent replicates.

Proliferation Assay

For the CCK-8 (Multisciences, Hangzhou, China) assay, primary
bovine myoblasts were plated into 96-well culture plates at a density
of 1 x 10* cells/well in 100 uL of culture medium per well, and each
treatment group had eight independent replicates. Cell proliferation
was assessed by using CCK-8 following the manufacturer’s protocol.
For the MTT assay, the cells were seeded at 1 x 10* cells per well in
96-well plates and incubated for 0, 6, 12, 18, and 24 h after transfec-
tion and then the cells were fixed for MTT according to the manu-
facturer’s protocol. For the EdU assay, the cells were seeded in
48-well plates and incubated under the standard conditions for 24
h. After incubation with 50 uM of EdU from the Proliferation Assay
Kit (Ribobio, Guangzhou, China) for 2 h, cells were fixed and stained
for EAU as described in the manufacturer’s protocol. The cell
nuclei were counter-stained with Hoechst 3342 for 30 min and de-
tected by fluorescence microscopy (DM5000B, Leica Microsystems,
Germany).

Hoechst 33342/PI Dual Staining Assay

Cell apoptosis was tested using Hoechst 33342 and PI double staining
(Solarbio, Beijing, China). In brief, after treatment for 24 h, myoblasts
were incubated with Hoechst 33342 for 15 min at room temperature.
Finally, cells were treated with PI for 10 min at room temperature.
Fluorescence signal was captured under a fluorescence microscope
(DM5000B, Leica Microsystems, Germany).

Luciferase Activity Assay

For the luciferase reporter assays, miR-744 and pck-circSNX29-Wild
or pck-circSNX29-Mut were co-transfected into 293T cells when the
cell confluence reached approximately 80%. A miR-744 sensor was
created by inserting two consecutive miR-744 complementary se-
quences into the psiCHECK-2 vector. Similarly, the cells were seeded
into 48-well plates in triplicate and co-transfected with a wild-type or
mutant construct of CaMKII3/Wnt5a with and without miR-744. Af-
ter transfection for 48 h, the luciferase activities were measured using
the Dual-Luciferase Reporter Assay System (Promega).

Immunofluorescence Staining

After transfection and induced induction of differentiation for 4 days,
C2C12 cells were fixed with 4% paraformaldehyde in PBS for 20 min,
washed with PBS three times, permeabilized with 0.5% Triton X-100
for 10 min, blocked with 5% BSA at 4°C for 30 min, and then
incubated with primary antibody (anti-MyHC diluted 1:250; Abcam,
Cambridge, MA) at 4°C overnight. The cells were subsequently
washed three times with PBS and incubated with the corresponding
fluorescent secondary antibody (rabbit anti-mouse immuno-
globulin G [IgG] H&L diluted 1:1,000 with 1% BSA in PBS; Abcam,
Cambridge, MA) at 4°C for 2.5 h, then cells were stained with
5 mg/mL DAPI Images from at least three or more regions in each
well were captured by using a fluorescence microscope (DM5000B,
Leica Microsystems, Germany).

KEGG Pathway Enrichment Analysis

Pathway enrichment analysis was performed for target genes of miR-
744 through the KEGG databases and the Omicsbean online software
(http://www.omicsbean.com:88/).

Western Blotting Analysis

The total proteins were extracted from primary bovine myoblasts us-
ing protein lysis radioimmunoprecipitation assay (RIPA) buffer con-
taining 1 mM PMSF (Solarbio, Beijing, China). Subsequently, pro-
teins in the supernatant were separated by SDS-PAGE and then
transferred to 0.2 pm polyvinylidene fluoride (PDVF) membranes
and sealed with 5% skim milk for 2 h at room temperature. After,
the membranes were incubated with primary antibodies specific for
anti-Wnt5a, anti-CaMKIIS3 (Sangon Biotech, Shanghai, China),
anti-PKC, anti-PLC, anti-calcineurin, anti-B-catenin, anti-NAFTC1
(Wanleibio, Haerbin, China), anti-CDK2, anti-PCNA, anti-cyclin
D1, anti-Bcl2, anti-Bax, anti-p53, anti-MyoD, anti-MyHC, anti-
MyoG, and B-actin from Abcam (Cambridge, MA,USA) at 4°C over-
night. The PVDF membranes were washed with Tris saline with
Tween (TBST) buffer for three times and then incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies for 2.5 h at
room temperature. The enhanced chemiluminescence luminous fluid
(ECL) was applied for color development.

Statistical Analysis

The quantitative results are presented as mean + SEM based on at
least three independent experiments. All data in this study were
analyzed by ANOVA for p value calculations using SPSS v 19.0 and
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Prism 6.01 (GraphPad Software, La Jolla, CA, USA). A value of p <
0.05 was considered statistically significant and is indicated with an
asterisk, and two asterisks indicated p < 0.01.
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