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miRNA-223 upregulated by MYOD inhibits myoblast
proliferation by repressing IGF2 and facilitates
myoblast differentiation by inhibiting ZEB1

Guihuan Li1,2,3,4, Wen Luo1,2,4, Bahareldin A Abdalla1,2, Hongjia Ouyang1,2, Jiao Yu1,2, Fan Hu1,2, Qinghua Nie*,1,2 and Xiquan Zhang1,2

Skeletal muscle differentiation can be regulated by various transcription factors and non-coding RNAs. In our previous work,
miR-223 is differentially expressed in the skeletal muscle of chicken with different growth rates, but its role, expression and action
mechanism in muscle development still remains unknown. Here, we found that MYOD transcription factor can upregulate miR-223
expression by binding to an E-box region of the gga-miR-223 gene promoter during avian myoblast differentiation. IGF2 and ZEB1
are two target genes of miR-223. The target inhibition of miR-223 on IGF2 and ZEB1 are dynamic from proliferation to differentiation
of myoblast. miR-223 inhibits IGF2 expression only in the proliferating myoblast, whereas it inhibits ZEB1 mainly in the
differentiating myoblast. The inhibition of IGF2 by miR-223 resulted in the repression of myoblast proliferation. During myoblast
differentiation, miR-223 would be upregulated owing to the promoting effect of MYOD, and the upregulation of miR-223 would
inhibit ZEB1 to promote myoblast differentiation. These results not only demonstrated that the well-known muscle determination
factor MYOD can promote myoblast differentiation by upregulate miR-223 transcription, but also identified that miR-223 can
influence myoblast proliferation and differentiation by a dynamic manner regulates the expression of its target genes.
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MicroRNAs (miRNAs) are small non-coding RNA of 20–25
nucleotides that mainly transcript from introns or intergenic
regions, having critical roles in the regulation of gene
expression at posttranscriptional levels.1 It have been reported
that miRNAs widely participate in chicken embryo growth,
maturation, muscle cell proliferation and differentiation, cell
migration, dosage compensation effect of Z chromosome and
a series of life activities.2–7 In our preliminary study, we have
used high-throughput RNA sequencing to study breast muscle
transcriptome in RecessiveWhite Rock (fast-growing chicken)
and Xinghua chicken (slow-growing chicken), and pointed out
that miR-223 can be used as a candidate gene associating
with broiler growth.8

ThemiR-223 is highly conserved among vertebrates. As the
first miRNA identified in human hemopoietic system,9miR-223
was confirmed to participate in the regulation of hematopoietic
cell proliferation and differentiation,10 and become a research
hotspot. There are some competitive binding sites for NFI-A
and C/EBP alpha in the upstream of miR-223. C/EBP alpha
enhances miR-223 transcription activity, whereas NFI-A
inhibits the transcription activity of miR-223.10 The upregula-
tion of miR-223 expression will promote granulocyte and
megakaryocyte generation, and the decline of miR-223
expression will cause hematopoietic stem cells to differentiate
into erythrocyte.11,12 In addition, miR-223 was confirmed to
regulate cell proliferation, differentiation, migration and signal

transduction in mammals.13 However, the roles of miR-223 in
muscle development still remain unclear.
Insulin-like growth factor-2 (IGF2) is amember of insulin-like

growth factor family that can play a role in all insulin-activated
target cells.14 It is well-known that IGF2 can be acted as the
intermediate messenger of growth hormone, which can
transfer the growth hormone to target organs, and regulate
the development of organisms.15 IGF2 is conserved during
evolution, the gene structure and exons location in chicken are
similar to that in mammal, although the non-coding sequences
were very different.16 In mammals, IGF2 is a kind of
multifunctional cell regulation factor that has an important role
in the muscle cell proliferation and differentiation.17 In chicken,
IGF2 is significantly associated with broilers growth traits and
carcass traits, such as birth weight, breast muscle weight,
abdominal fat weight and glandular stomach weight.18–20

Zinc finger E-box binding homeobox 1 (ZEB1) is a crucial
nuclear transcription factor, it can directly bind to the E2-box
[5-CATTC(G)] sequence in different gene promoter region,
repressing the activity of gene transcription.21 In mammal,
ZEB1 has three inhibiting zones.22 Zone-I mainly regulates
T-lymphocyte differentiation. No inhibitory activity was found in
zone-II. Zone-III is associated with muscle differentiation. In
chicken, ZEB1 is also called DeltaEF1 (delta-crystallin/E2-box
factor 1), which is highly homologous with mice and can also
recognize the E2-box sequence (CATTCG).23 In the process
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Figure 1 miR-223 expression is related to skeletal muscle development. (a) Relative expression of miR-223 in Xinghua chicken breast muscle from embryo day 10 (E10) to
E19. (b) Fluorescence in situ hybridization of miR-223 in Xinghua chicken breast muscle from E10 to E19. (c) H-E staining of breast muscle fiber cross section from E10 to E19 in
Xinghua chicken
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of chicken embryo development, ZEB1 was expressed in
somite, notochord, urogenital system, nervous system and
other parts of the chicken embryo, suggesting that it may
involve in cell development process.24 In addition, ZEB1 can
inhibit the activity of viral gene transcription by targeting the
E2-box sequence exists in the promoter region of chicken
infectious anemia virus, result in the decrease of the virus
transcription activity.25

MYODandMYOGare critical transcription factors in skeletal
muscle differentiation and can regulate the transcription of
most myogenesis-related genes.26–28 During myoblast differ-
entiation, both of these two factors are upregulated their
expression.29–31 MYOD and MYOG regulates their target
genes transcription by binding to E-box promoter elements
containing the site CANNTG.28 Recently, many myogenic
miRNAs were found to be regulated by MYOD and MYOG,32
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demonstrating an indirect role of these transcription factors in
regulating muscle differentiation.
In this study, we investigated the function and regulation of

miR-223 in avian skeletal muscle development. We found that
miR-223 is regulated by MYOD transcription factor, which can
bind to the promoter region of the gga-miR-223 gene. IGF2
and ZEB1 are two target genes of miR-223, and the
upregulation of miR-223 can inhibit myoblast proliferation
and promote myoblast differentiation by its repression on
these two target genes. In addition, miR-223 represses IGF2
expression only in proliferating myoblast, and it has a more
significant inhibiting effect on ZEB1 in differentiating myoblast
than in proliferatingmyoblast. These results identified a role for
miR-223 in avian myoblast proliferation and differentiation
through dynamic regulates its target genes expression, and
found another regulatory pathway of MYOD to shapemyoblast
differentiation.

Results

miR-223 expression is related to skeletal muscle devel-
opment. In our previous miRNA sequencing data, we found
that miR-223 exhibited differentially expression between the
skeletal muscles of chickens with different growth rate.8 To
further understand the relationship between miR-223 and
skeletal muscle development, we detected its expression in
breast muscle during chicken embryonic development.
miR-223 was gradually upregulated its expression from
embryo day 10 (E10) to E13. However, its expression was
continually downregulated after E13 (Figure 1a). In addition,
in situ hybridization results also showed that the miR-223
expression was upregulated from E10 to E13 and down-
regulated from E14 to E19 (Figure 1b). Haematoxylin–eosin
staining of the breast muscle showed that the muscle fibers
are blurry, irregular and may in the stage of cell differentiation
and fusion between E10 and E13 (Figure 1c). After E13, the
cross sections of muscle fibers were relatively regular and
becoming more clearly defined (Figure 1c). Together with the
expression data of miR-223, these results suggesting that
miR-223 upregulated its expression during the active stage of
muscle cell differentiation and fusion, whereas it down-
regulated its expression during muscle fiber maturation.

miR-223 inhibits myoblast proliferation. To further deter-
mine the roles of miR-223 in chicken skeletal muscle
development, we transfected miR-223 mimics and inhibitors

into chicken primary myoblast (CPM), respectively. CCK-8
assay indicated that miR-223 overexpression inhibited
myoblast proliferation (Figure 2a), whereas miR-223 loss-of-
function promoted myoblast proliferation (Figure 2b). In
addition, by analyzing cell cycle of the transfected myoblasts,
we found that miR-223 overexpression can decrease cell
population in the S phase and increase cell population in the
G1/0 phase (Figure 2c). miR-223 overexpression can also
inhibit the expression of cell cycle-promoting genes and
enhance cell cycle-inhibiting genes (Figure 2d). On the
contrary, inhibition of miR-223 significantly increased cell
population in the S phase and decreased cell population in
the G1/0 phase (Figure 2e). miR-223 inhibition also
enhanced the expression of cell cycle-promoting genes and
repressed cell cycle-inhibiting genes (Figure 2f). EdU staining
showed that the proliferation rate of miR-223-transfected cells
was significantly reduced compared with that of the control
cells (Figure 2g and h), whereas miR-223 loss-of-function
promoted cell proliferation rate (Figure 2g and h). Further-
more, these roles of miR-223 were also existed in the qm-7
cells (Figure 2i-p), indicating that miR-223 can inhibit avian
myoblast proliferation.

The inhibitory effect of miR-223 on myoblast proliferation
was achieved by its target gene IGF2. IGF2 is an important
growth factor that can functioning as growth promoting
hormone during cell development. Here, we found that the
3′-untranslated regions (3′-UTR) of IGF2 mRNA has a
potential binding site of miR-223 (Figure 3a). To validate
whether IGF2 is a target gene of miR-223, we constructed
two dual-luciferase reporters with the wide-type and mutant
3′-UTR of IGF2, respectively. Results shown that miR-223
significantly repressed the luciferase activity of the wide-type
reporter, whereas it has no effect on the luciferase activity of
the mutant reporter (Figure 3b). In addition, miR-223
significantly inhibited the mRNA and protein expression of
IGF2 gene in CPM (Figure 3c), and the inhibition of miR-223
released IGF2 mRNA and protein expression (Figure 3d).
The above results indicated that IGF2 is a direct target gene
of miR-223.
Although IGF2 is a well-known growth promoting-gene, its

roles in chicken myoblast proliferation have not been
examined. In this study, we transfected pSDS-IGF2 and three
IGF2 siRNAs in poultry myoblast to overexpressing or
inhibiting IGF2 expression, respectively. pSDS-IGF2 transfec-
tion significantly increased IGF2 mRNA and protein expres-
sion, whereas the si-170, which is specifically designed for

Figure 2 miR-223 inhibits myoblast proliferation. (a) CCK-8 assay indicates miR-223 overexpression inhibited chicken primary myoblast (CPM) proliferation. (b) CCK-8 assay
indicates miR-223 inhibition promoted CPM proliferation. (c) CPM was overexpressed with miR-223 and the negative control (NC) mimic, and the cell cycle phase was then
analyzed. (d) Relative mRNA expression of the cell cycle-related genes after transfection of miR-223 and NC mimic. (e) CPM was transfected with miR-223 inhibitor and the NC
inhibitor, and the cell cycle phase was then analyzed. (f) Relative mRNA expression of the cell cycle-related genes after transfection of miR-223 inhibitor and NC inhibitor. (g) EdU
staining after transfection of miR-223 mimic and miR-223 inhibitor. Bar, 50 μm. (h) The proliferation rate of myoblasts transfected with miR-223 mimic and miR-223 inhibitor. (i)
CCK-8 assay showed that miR-223 overexpression inhibited qm-7 proliferation. (j) CCK-8 assay showed that miR-223 inhibition promoted qm-7 proliferation. (k) qm-7 was
overexpressed with miR-223 and the NC mimic, and the cell cycle phase was then analyzed. (l) Relative mRNA expression of the cell cycle-related genes after transfection of
miR-223 and NC mimic. (m) qm-7 was transfected with miR-223 inhibitor and the NC inhibitor, and the cell cycle phase was then analyzed. (n) Relative mRNA expression of the
cell cycle-related genes after transfection of miR-223 inhibitor and NC inhibitor. (o) EdU staining after transfection of miR-223 mimic and miR-223 inhibitor. Bar, 50 μm. (p) The
proliferation rate of qm-7 cells transfected with miR-223 mimic and miR-223 inhibitor. Results are shown as the mean± S.E.M. of three independent experiments. Independent
sample t-test was used to analysis the statistical differences between groups. *Po0.05; **Po0.01
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chicken IGF2mRNA, significantly repressed IGF2mRNA and
protein expression (Figure 3e-h). IGF2 overexpression pro-
motes myoblast proliferation through CCK-8 assay (Figure 3i
and j) and cell cycle analysis (Figure 3k and l), whereas IGF2

inhibition repressed myoblast proliferation (Figure 3m-p).
Furthermore, the rescue assay shown that miR-223 over-
expression can inhibit the myoblast proliferation, and the
transfection of IGF2 overexpression vector could counteract
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the inhibitory effect of miR-223 on myoblast proliferation
(Figure 3q). Together, these results argue that the inhibitory
effect of miR-223 onmyoblast proliferation was achieved by its
target gene IGF2.

miR-223 promotes myoblast differentiation. miR-223 was
upregulated its expression during the active stage of chicken
skeletal muscle differentiation and fusion. Next, we examined
the expression and function of miR-223 during myoblast
differentiation and fusion. miR-223 expression was signifi-
cantly upregulated from the proliferation to the differentiation
of both CPM and qm-7 cells (Figure 4a and b), suggesting its
involvement in these processes. Therefore, we transfected
miR-223 mimic and inhibitor into the myoblasts. After
transfection, the cells were induced to differentiation and
fusion. Overexpression of miR-223 significantly increased the
expression of muscle differentiation marker genes (Figure 4c
and d), whereas the inhibition of miR-223 decreased the
expression of these marker genes (Figure 4e and f). In
addition, miR-223 promotes the formation of myotubes
(Figure 4g), and the size of the myotube area was
significantly increased after transfection of miR-223
(Figure 4h). Therefore, these results demonstrated that
miR-223 can promote myoblast differentiation.

ZEB1 is another miR-223 target gene, functioning as an
inhibitor of myoblast differentiation. By using the Tar-
getScan online software to predict the target genes of
miR-223, we found that the 3′-UTR of ZEB1 mRNA has a
potential binding site of miR-223 (Figure 5a). Notably, this
binding site is conserved among vertebrates (Figure 5b).
The dual-luciferase report assay suggested that miR-223
directly binds to the predicted target site of ZEB1-3′-UTR
(Figure 5c). miR-223 overexpression inhibited the mRNA
and protein expression level of ZEB1 (Figure 5d and e),
and the inhibition of miR-223 promoted the mRNA and
protein expression level of ZEB1 (Figure 5f and g).
Therefore, the above results indicated that ZEB1 is another
target gene of miR-223.
During myoblast proliferation and differentiation, ZEB1 protein

was gradually downregulated its expression (Figure 5h). To test
the function of ZEB1 in myoblast differentiation, we synthesized
siRNAs specifically target for chicken ZEB1mRNA. Transfection
of these siRNAs significantly inhibited the mRNA and protein
expression level of ZEB1 in CPM and qm-7 (Figure 5i and j). In
addition, ZEB1 inhibition significantly increased the expression of
muscle differentiation marker genes in both of these two cells

(Figure 5k and l), suggesting ZEB1 is a repressor of myoblast
differentiation. Rescue assay shown that ZEB1 overexpression
is able to counteract the promotion effect of miR-223 onmyoblast
differentiation (Figure 5m). Therefore, ZEB1 is another miR-223
target gene that can function as an inhibitor of myoblast
differentiation.

The inhibition of miR-223 on IGF2 and ZEB1 is different
between myoblast proliferation and differentiation. The
above results shown that both IGF2 and ZEB1 are target
genes of miR-223. However, IGF2 is able to promote
myoblast differentiation in mammal myoblast.33 Its expression
was increased during CPM and qm-7 differentiation (Figure
6a and b). This expression trend is similar to miR-223, which
can directly inhibit IGF2 expression. In addition, specifically
inhibition of IGF2 by siRNA significantly downregulated
muscle differentiation marker genes (Figure 6c and d),
indicating its promoting effect in myoblast differentiation.
These results suggested that miR-223 cannot restrict IGF2
expression and function during myoblast differentiation.
On the other hand, ZEB1, another miR-223 target gene that

can inhibit myoblast differentiation, is unable to regulate cell
cycle in proliferating myoblast (Figure 6e and f). Therefore, we
were interest in how the miR-223 regulates the ZEB1 and
IGF2 expression in the proliferating and differentiating
myoblast, respectively. For ZEB1, miR-223 inhibits its expres-
sion in both proliferation and differentiation stages of myoblast
(Figure 6g), and the inhibitory effect of miR-223 on ZEB1 has
no significant difference between these two stages. For IGF2,
miR-223 inhibits its expression only in the proliferation stage of
myoblast (Figure 6g), and the miR-223 expression shown no
significant difference between the proliferation and differentia-
tion stages (Figure 6h). To further validate these results, we
transfected dual-luciferase reporter inserted with the 3′-UTR
of ZEB1 or IGF2 into the proliferating and differentiating
myoblasts, respectively. The reporter activity inserted with
ZEB1-3′-UTR was significant lower in differentiating myo-
blasts comparedwith that in proliferatingmyoblasts (Figure 6i).
However, the reporter activity inserted with IGF2-3′-UTR was
significant higher in differentiating myoblasts compared with
that in proliferating myoblasts (Figure 6i). Together, these
results suggested that the inhibition of miR-223 on IGF2 and
ZEB1 is different between myoblast proliferation and
differentiation.

MYOD regulates miR-223 transcription by binding to the
E-box 1 region. To further understand the structure of the

Figure 3 The inhibitory effect of miR-223 on myoblast proliferation was achieved by its target gene IGF2. (a) The potential binding site of miR-223 in the IGF2mRNA 3′ UTR.
(b) Dual-luciferase reporter assay indicated that miR-223 can bind to the predicted binding site of the IGF2mRNA 3′ UTR. (c) miR-223 overexpression significantly inhibited IGF2
mRNA and protein expression in CPM. (d) miR-223 inhibition significantly promoted IGF2 mRNA and protein expression in CPM. (e) IGF2 overexpression significantly promoted
IGF2mRNA and protein expression in CPM. (f) IGF2 inhibition significantly inhibited IGF2mRNA and protein expression in CPM. (g) IGF2 overexpression significantly promoted
IGF2mRNA and protein expression level in qm-7. (h) IGF2 inhibition significantly inhibited IGF2mRNA and protein expression level in qm-7. (i) CCK-8 assay indicates that IGF2
overexpression significantly promoted myoblast proliferation in CPM. (j) CCK-8 assay indicates that IGF2 overexpression significantly promoted myoblast proliferation in qm-7. (k)
CPM was overexpressed with IGF2 and the control vector, and the cell cycle phase was then analyzed. (l) qm-7 was overexpressed with IGF2 and the control vector, and the cell
cycle phase was then analyzed. (m) CCK-8 assay indicates that IGF2 inhibition significantly reduced myoblast proliferation in CPM. (n) CCK-8 assay indicates that IGF2 inhibition
significantly reduced myoblast proliferation in qm-7. (o) CPM was transfected with IGF2 siRNA and the NC siRNA, and the cell cycle phase was then analyzed. (p) qm-7 was
transfected with IGF2 siRNA and the NC siRNA, and the cell cycle phase was then analyzed. (q). CPM was co-transfected with miR-223 and pSDS-IGF2, miRNA mimic NC and
control vector, miR-223 and control vector, respectively, and the cell cycle phase was then analyzed. Results are shown as the mean±S.E.M. of three independent experiments.
Independent sample t-test was used to analysis the statistical differences between groups. *Po0.05; **Po0.01
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gga-miR-223 gene, we isolated its full-length pri-miR-223 by
using 5′ and 3′ rapid amplification of cDNA ends (RACE).
The obtained gga-miR-223 gene was 2228 bp in length
(Figure 7a). Next, we analyzed the upstream region of the
gga-miR-223 gene to find the core promotor region. Four
fragments, including 668-bp, 1020-bp, 1508-bp and 1932-bp
upstream regions of the gga-miR-223 transcription start site
(TSS) were amplified and cloned into the pGL3-basic vector.
Forty-eight hours after transfected these reporter vectors
into the myoblasts, the relative luciferase activity was

measured to analyze the promoter activity of these four
reporters. Results shown that the four reporters have similar
relative luciferase activity (Figure 7b), suggesting that the
shortest one or no reporter have the core promoter region.
In addition, we found that there are two E-boxes located in
the 1932-bp upstream regions of the gga-miR-223 TSS
(Figure 7a). It is well-known that the MYOG and MYOD
transcription factors can bind to the E-box region and
promote the transcription activity of myogenic genes.34–36

Considering that MYOD, MYOG and miR-223 are all

Figure 4 miR-223 promotes myoblast differentiation. (a) Relative miR-223 expression during CPM differentiation. (b) Relative miR-223 expression during qm-7 differentiation.
(c) Relative expression of muscle differentiation marker genes after CPM transfected with miR-223 and NC. (d) Relative expression of muscle differentiation marker genes after
qm-7 transfected with miR-223 and NC. (e) Relative expression of muscle differentiation marker genes after CPM transfected with miR-223 inhibitor and NC inhibitor. (f) Relative
expression of muscle differentiation marker genes after qm-7 transfected with miR-223 inhibitor and NC inhibitor. (g) MyHC staining of CPM at 72 h after transfection of miR-223
or NC mimic. (h) Myotube area (%) at 72 h after transfection of miR-223 or NC mimic. Results are shown as the mean± S.E.M. of three independent experiments. Independent
sample t-test was used to analysis the statistical differences between groups. *Po0.05; **Po0.01
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upregulated their expression during myoblast differentiation,
we next examined whether MYOD and MYOG can bind to
these two E-box regions and promote gga-miR-223 tran-
scription. By mutated these two regions, respectively, we

found that the relative luciferase activity was significantly
reduced when we mutated E-box 1, whereas there is no
change of the luciferase activity when we mutated E-box 2
(Figure 7b). This result suggesting that the E-box 1 is
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important for the transcription activity of the promoter region.
Next, chromatin immunoprecipitation assay (ChIP) results
indicated that the MYOD can bind to the E-box 1 region
(Figure 7c). To avoid the effect of endogenous MYOD, we
used DF-1 cell to test the regulation of MYOD on the gga-
miR-223 gene promoter and miR-223 transcription. MYOD
overexpression promoted the relative luciferase activity of

the pGL3-1932 reporter, but this overexpression had no
effect on the luciferase activity of the mutated pGL3-1932
reporter (Figure 7d). In addition, MYOD overexpression
promoted miR-223 expression (Figure 7e). For primary
myoblast, MYOD loss-of-function not only inhibited the
expression of miR-223 and muscle differentiation marker
genes, but also promoted the expression of miR-223 target

Figure 5 ZEB1 is another miR-223 target gene, functioning as an inhibitor of myoblast differentiation. (a) The potential binding site of miR-223 in the ZEB1mRNA 3′ UTR. (b)
The potential binding site (red) of miR-223 in the ZEB1mRNA 3′ UTR is highly conserved among vertebrates. (c) Dual-luciferase reporter assay indicated that miR-223 can bind
to the predicted binding site of the ZEB1mRNA 3′ UTR. (d) miR-223 overexpression inhibited ZEB1mRNA and protein expression in CPM. (e) miR-223 overexpression inhibited
ZEB1mRNA expression in qm-7. (f) miR-223 inhibition promoted ZEB1mRNA and protein expression in CPM. (g) miR-223 inhibition promoted ZEB1mRNA expression in qm-7.
(h) ZEB1 protein expression during CPM differentiation. (i) ZEB1 inhibition reduced ZEB1 mRNA and protein expression in CPM. (j) ZEB1 inhibition reduced ZEB1 mRNA
expression in qm-7. (k) Expression level of muscle differentiation marker genes after CPM transfected with ZEB1 siRNA. (l) Expression level of muscle differentiation marker
genes after qm-7 transfected with ZEB1 siRNA. (m) CPM was co-transfected with miR-223 and pSDS-IGF2, miRNA mimic NC and control vector, miR-223 and control vector,
respectively, and expression level of muscle differentiation marker genes was then analyzed. Results are shown as the mean±S.E.M. of three independent experiments.
Independent sample t-test was used to analysis the statistical differences between groups. *Po0.05; **Po0.01

Figure 6 The inhibition of miR-223 on IGF2 and ZEB1 is different between myoblast proliferation and differentiation. (a) Relative IGF2 expression level during CPM
differentiation. (b) Relative IGF2 expression level during qm-7 differentiation. (c) Expression level of muscle differentiation marker genes after CPM transfected with IGF2 siRNA.
(d) Expression level of the muscle differentiation marker genes after qm-7 transfected with IGF2 siRNA. (e) CPM was transfected with ZEB1 siRNA and the NC siRNA, and the
cell cycle phase was then analyzed. (f) qm-7 was transfected with ZEB1 siRNA and the NC siRNA, and the cell cycle phase was then analyzed. (g) The proliferating (GM) and
differentiating (DM) CPM were transfected with miR-223 mimic, respectively, and the relative ZEB1 and IGF2 mRNA expression levels were then analyzed. (h) Relative miR-223
expression in proliferating and differentiating CPM after transfected with miR-223 and NC mimic. (i) The proliferating and differentiating CPM were transfected with pmirGLO-
ZEB1-3′UTR, pmirGLO-IGF2-3′UTR or pmirGLO, and the relative luciferase activity was then analyzed. Results are shown as the mean± S.E.M. of three independent
experiments. Independent sample t-test was used to analysis the statistical differences between groups. ns, no significant. *Po0.05; **Po0.01
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Figure 7 MYOD regulates miR-223 transcription by binding to the E-box 1 region. (a) The location of the two E-boxes in the 1932-kb upstream region of the gga-miR-223
gene TSS. (b) Identification of the core region in the gga-miR-223 gene promoter by luciferase reporter assays. (c) ChIP-qPCR analysis using anti-MYOG, anti-MYOD or chicken
IgG antibodies, and the values showed that MYOD could bind to the R1 region of the chicken gga-miR-223 gene in myoblasts. A region from the GAPDH gene was amplified as a
NC to verify the specificity of the enrichment. (d) MYOD overexpression promoted the relative luciferase activity of the pGL3-1932 reporter in DF-1 cell. (e) MYOD overexpression
upregulated miR-223 expression in DF-1 cell. (f) Relative expressions of miR-223 and its downstream genes after transfection of si-MYOD in chicken primary myoblast. (g) CCK-8
assay indicated that MYOG loss-of-function significantly reduced myoblast proliferation in chicken primary myoblast. Results are shown as the mean±S.E.M. of three
independent experiments. Independent sample t-test was used to analysis the statistical differences between groups. *Po0.05; **Po0.01
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genes IGF2 and ZEB1 (Figure 7f). Furthermore, myoblast
proliferation was also being inhibited when the cell was
transfected with si-MYOD (Figure 7g). Together, these
results demonstrated that the MYOD regulates gga-
miR-223 transcription by binding to the E-box 1 region.

Discussion

In this study, we identified miR-223 as another miRNA that has
a role in avian skeletal muscle development. miR-223
regulates myoblast proliferation and differentiation by balan-
cing the expression of its target genes IGF2 and ZEB1. In
addition, MYOD promotes miR-223 transcription during
myoblast differentiation by binding to the gga-miR-223 gene
promoter region (Figure 8). These findings not only revealed a
new miRNA-mediated pathway functions on skeletal muscle
differentiation, but also found an interest regulatory mode of
miRNA in its target genes.
MYOD belongs to the myogenic basic-helix-loop-helix

transcription factors, and is an important regulator during
skeletal muscle differentiation. MYOD has the ability to initiate
a lot of muscle-related genes transcription by recruitment of
transcription factors and histone acetyltransferases.28,34,35

Many muscle development related genes have been found to
be regulated by MYOD during myoblast differentiation.28,34 In
this study, we found that MYOD can bind to the E-box, which is
located in the promoter region of miR-223 gene, and promote
miR-223 expression in chicken myoblast. In addition, the
expression of miR-223 and MYOD are upregulated during
chicken myoblast differentiation,29 demonstrating a positive
association between these two regulators. Besides, some of
the muscle-specific miRNAs, such as miR-1, miR-133 and
miR-206, can also be regulated by MYOD during myoblast
differentiation.37,38 Therefore, these findings suggested that
MYOD is able to regulate myoblast differentiation through
activate various myogenic miRNAs expression.
ZEB1 is a transcriptional repressor. During muscle

differentiation, ZEB1 is able to repressed muscle gene
transcription, and the inhibition of ZEB1 can promote
myoblast differentiation and fusion.39 Although the repres-
sion effect of ZEB1 in muscle differentiation has been well
documented, however, its expression pattern during muscle
differentiation still remains unknown. In this study, we have
shown that ZEB1 protein was gradually downregulated
during chicken myoblast differentiation, and the decrease of
ZEB1 is, at least in part, owing to the inhibition of miR-223.
In addition, ZEB1 can also repress myoblast differentiation
in avian, but it cannot regulate myoblast proliferation, even
though it has been shown to have positive role in many
cancer cell proliferation.40–42 MYOD can occupy G/C-
centered E-boxes in the promoters of many muscle-
related genes and initiate the transcription of these genes
during myoblast differentiation.43 Interestingly, ZEB1 can
also bind to the G/C-centered E-boxes in myoblast, but its
binding results in the repression of muscle-related gene
expression.39 Therefore, our results suggesting that MYOD
inhibits ZEB1 expression by promoting miR-223 expression
during myoblast differentiation.
IGF2 has long been established to have important roles in

muscle development,44 and it is also a critical growth factor

for chicken.19 However, the function of IGF2 in avian
myoblast has not been verified before. Here, we reported
that IGF2 can both promote avian myoblast proliferation and
differentiation, and we also found that miR-223 has the
ability to inhibit IGF2 expression. Notably, miR-223 inhibits
IGF2 expression only in the proliferating myoblast. Its
inhibition effect on IGF2 expression was significantly
reduced from proliferating myoblast to differentiating myo-
blast. In addition, the inhibitory effect of miR-223 on ZEB1 in
the proliferating myoblast was more significant than that in
the differentiating myoblast. It is generally understood that a
miRNA can bind to multiple target genes, and the inhibiting
effect of miRNA on these target genes would be different
because of their target sites with different functional
properties.45 However, it is rare to see that a miRNA has
different binding efficiency on one target gene during cell
development. Previous study has shown that synaptic
stimulation can relieve the repression of miRNA to its target
genes.46,47 A miRNA-mediated inhibition of target gene
translation can also be relieved when the cells subjected to
different stress conditions, and this relief is depend on the
binding of HuR, which is an AU-rich element RNA-binding
protein (RBP), to the 3′UTR of the target gene.48 Dead end 1
(Dnd1) is another RBP evolutionary conserved among
vertebrates, and also has the ability to counteracts the
inhibition roles of several miRNAs by binding to the 3′UTR of
target genes.49 However, the precise mechanism of how
miR-223 dynamic regulates IGF2 and ZEB1 during myo-
blast proliferation and differentiation still need to be
explored. Collectively, these and our findings suggest that
the binding of miRNA to its target genes is dynamic in
different cellular environment, and this binding can be
rapidly responded to the specific cellular needs.48

In summary, this work has shown that the avian myoblast
proliferation and differentiation are regulated by MYOD-
miR-223-IGF2/ZEB1 pathway. In the proliferating avian
myoblast, miR-223, which is upregulated by MYOD, inhibits
IGF2 expression to represses myoblast proliferation. In the
differentiating avian myoblast, the upregulation of MYOD
promotes miR-223 expression, and miR-223 inhibits ZEB1
rather than IGF2 to facilitate myoblast differentiation and
fusion.

Figure 8 Model of the miR-223-mediated regulatory pathway for myoblast
proliferation and differentiation
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Materials and Methods
Animals. The hatching eggs of Xinghua chickens were bought from the Chicken
Breeding Farm of South China Agricultural University, Guangdong, China. More
than ten chick embryos for each group were selected for pectorals and leg muscle
separation. All the tissue samples were frozen in liquid nitrogen and stored at − 80 °
C for the subsequent DNA and RNA extraction. With the sex-specific primers, the
sex of each embryo was determined by PCR amplification.

RNA extraction, cDNA synthesis and quantitative real-time
PCR. The total RNA was extracted from muscle tissues or cells using RNAiso
reagent (Takara, Otsu, Japan). The reverse transcription reaction for mRNA was
performed with PrimeScript RT reagent Kit (Perfect Real-Time) (Takara) according
to manufacturer’s manual. The reverse transcription reaction for miRNA was using
ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). The specific Bulge-loop miRNA
qRT-PCR Primer for miR-223 and U6 (one RT primer and a couple of qPCR primers
for each gene) were designed by RiboBio (RiboBio, Guangzhou, China). With KAPA
SYBR FAST qPCR Kit (KAPA Biosystems, Wobrun, MA, USA), qPCR program was
carried out in Bio-rad CFX96 Real-Time Detection system (Bio-rad, Hercules, CA,
USA), and the method was as described.50 All reactions were run in triplicate.

Cell culture. QM-7 cell culture: QM-7 cells were cultured in M199 (Gibco,
Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Hyclone,
Logan, UT, USA), 10% tryptose phosphate broth solution (Sigma Life Science, St.
Louis, MO, USA) and 0.2% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).
The differentiation of QM-7 was induced by M199 supplemented with 10% tryptose
phosphate broth solution (Sigma) and 0.2% penicillin/streptomycin.
CPM isolation and culture: The leg muscle of E11 chickens were used to isolate

CPM. When the skin and bones removed, the leg muscles were rapidly chopped into
small pieces in petri dish containing DMEM (Gibco) media supplemented with 20%
fetal bovine serum (Hyclone) and 0.2% penicillin/streptomycin. The muscle
suspending liquid was shaken by vortexing 1 min and filtered to obtain single cell.
Repeat the vortexing and filtering steps for 4–6 times to release enough cells. The
cells were then collected by centrifugation at 1000 × g for 5 min at room temperature.
Decant medium and discard. Add DMEM supplemented with 20% FBS and 0.2%
penicillin/streptomycin to resuspend cells completely. Serial plating was needed to
remove fibroblasts and enrich myoblasts. The differentiation of myoblasts was
induced by DMEM supplemented with 0.2% penicillin/streptomycin.

Immunofluorescence. The immunofluorescence was performed in CPM
cultured in 24-well plates. Cells were fixed in 4% paraformaldehyde for 20 mins at
room temperature and then washed three times with PBS (5 min for every turn).
Subsequently, cells were treated with 0.1% Triton X-100 for 20 minutes and were
blocked with goat serum for 30 min. Then, the cells were incubated with anti-MyHC
(DSHB, Iowa City, IA, USA) at 4 °C overnight. After washed with PBS, the cells were
treated with FITC-conjugated anti-rabbit IgG antibody and incubated in dark for 1 h.
The cell nuclei were stained with DAPI (Beyotime, Jiangsu, China). The total
myotube area was calculated and measured as previously described.50

The 5′- and 3′-RACE. The SMARTer RACE cDNA Amplification Kit (Takara)
was used to perform both 5′- and 3′-RACE according to the user manual. The 5′
and 3′ RACE-Ready first-strand cDNA was synthesized using total RNA extracted
from chicken skeletal muscle. Two rounds of PCR reaction were preformed. First
round was carried out with Universal Primer Mix (UPM) provided by the supplier
inside the kit and miR-223 specific outer primer, and second round with Nested
Universal Primer (NUP) also provided by the supplier inside the kit and miR-223
specific inner primer. Both 5′- and 3′-RACE PCR products were cloned and
sequenced. All the primers used in RACE PCR are summarized in Supplementary
file.

Plasmid construction
pmirGLO dual-luciferase reporters: The 3′UTR fragment of IGF2 (NCBI
Reference Sequence: NM_001030342.1) and ZEB1 (NM_205131.1) containing the
binding sites were amplified by PCR from chicken embryonic leg muscle cDNA and
then cloned into pmirGLO vector. The mutant vectors were constructed by PCR
mutagenesis. Five seed sequences were successful mutated from ACTGA to
CTGAG for IGF2-3′UTR vector, and from CTGAC to ACTGT for ZEB1-3′UTR
vector.

Gene overexpression vector: The IGF2 overexpression vector was con-
structed according to the user manual of Easy Ligation Kit (Sidansai, Shanghai,
China). IGF2 coding sequence (NCBI Reference Sequence: NM_001030342.1) was
amplified from chicken embryonic leg muscle cDNA by PCR. The PCR product was
cloned into the pSDS-20117 vector (Sidansai). The successful IGF2 overexpression
vector was confirmed by DNA sequencing. The MYOD overexpression vector was
constructed as previously described.29

miR-223 promoter reporter plasmid: A 1932-bp fragment of the miR-223
promoter was isolated by PCR using the primers listed in Supplementary file. After
the PCR product was digested with KpnI and SmaI restriction sites, the insertion
was ligated into the pGL3-basic vector (Promega, Madison, WI, USA) to create the
expression vector pGL3-1932. After pGL3-1932 was sequenced, this construct was
used as a template, and pGL3-1508, pGL3-1020 or pGL3-668 was isolated by PCR.
Site-directed mutagenesis of E-box 1 and E-box 2 was carried out by PCR
amplification and DpnI digestion to remove the parental DNA.

Transfections. Transfections were performed with Lipofectamine 3000 reagent
(Invitrogen) according to the manufacturer’s direction. Nucleic acids were diluted in
OPTI-MEM Medium (Gibco). All experiments were carried out at least three times
independently.

RNA oligonucleotides. The miR-223 mimics, negative control (NC), miR-223
inhibitors, miRNA inhibitor NC, siRNA against chicken IGF2, ZEB1 and MYOD were
all purchased from GenePharma (GenePharma, Shanghai, China).

Dual-luciferase reporter assay. The miRNA target verification assay was
performed in QM-7 cells. Wild-type or mutant IGF2-3′ UTR dual-luciferase reporter
(200 ng) and miR-223 mimic or NC duplexes (50 nM) were co-transfected into
QM-7 cells using the Lipofectamine 3000 reagent (Invitrogen) in 48-well plates. For
the promoter assays, qm-7 cells and DF-1 cells were co-transfected with reporter
plasmid and MYOD overexpression vector or control vector, and the TK-Renilla
reporter was also co-transfected to each sample as an internal control. After 48 h
transfection, cells were washed by PBS twice and the activities of Firefly and Renilla
luciferase were measured according to the manual of Luc-pair Duo-Luciferase
Assay Kit 2.0 (GeneCopoeia, Rockville, MD, USA). All the data were acquired by
averaging the results from four independent repeats.

Cell cycle analysis. After 36 h transfection, primary myoblast or QM-7 cells
cultured in 12-well plates were fixed in 75% ethanol overnight at − 20 °C. With the
Cell Cycle Analysis Kit (Thermo Fisher Scientific, Waltham, MA, USA), the cells
were analyzed by a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA,
USA). All the data were acquired by averaging the results from three independent
experiments.

CCK-8 assay. Primary myoblast or QM-7 cells were cultured in 96-well plates.
A total of 10 μl of Cell counting kit-8 reagent was added into each well and
incubated for 1 h. The assay was repeated at different time points of 12, 24, 36,
48 h or every 24 h after transfection. The absorbance was measured at 450 nm by
a Model 680 Microplate Reader (Bio-Rad). All the data were acquired by averaging
the results from six independent experiments.

Western blot. Western blot was performed as previously described.50 The
following antibodies were used: anti-IGF2 (Santa Cruz Biotechnology, CA, USA),
anti-ZEB1 (abcam, Cambridge, MA, USA) and anti-GAPDH (Bioworld, St Louis
Park, MN, USA).

ChIP assays. ChIP assay was performed as previously described.29 Samples
were done in triplicate. The primer sequences for ChIP-qPCR analysis are shown in
Supplementary file.

miRNA in situ hybridization assay. gga-miR-223 miRCURY LNA probe
and a scrambled probe were synthesized (Exiqon, Copenhagen, Denmark). 10 μm
thick cryosections from breast muscle tissues of Xinhua chicken were fixed in 4%
PFA for 15 min at room temperature, and then treated for 10 min with Proteinase K.
miRNA in situ hybridization was performed using the FISH kit (Exonbio Lab,
Guangzhou, China). DNA was counterstained with DAPI (1 mg/ml). Images of
miRNA signals in slides were captured by a Leica DMi8 fluorescent microscope.
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EdU assay. EdU assay was performed as previously described with the
following modifications.29 Twelve hours after transfection, primary myoblasts were
exposed to 10 μM 5-ethynyl-2′-deoxyuridine (EdU; RiboBio) for 24 h at 37 °C, and
the QM-7 cells were exposed to 50 μM EdU for 2 h at 37 °C. In addition, for primary
myoblasts, 1 × Apollo reaction cocktail (RiboBio) was added to the cells and
incubated for 30 min. Whereas, in QM-7 cells, 1 × Apollo reaction cocktail was
added to the cells and incubated for 20 min. The EdU-stained cells were visualized
under a Leica DMi8 fluorescent microscope. The proliferation rate was calculated by
the number of EDU-stained cells normalized to the number of Hoechst 33342-
stained cells.

Statistical analysis. Each experiment was repeated three times, and all
results are represented as the mean± S.E.M. Independent sample t-test was used
to perform the statistical significant difference between groups.

Ethics standards. All experimental protocols were approved by the South
China Agricultural University Institutional Animal Care and Use Committee (approval
ID: SCAU#0014). And the methods were carried out in accordance with the
regulations and guidelines established by this committee.
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