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OPEN a ACCESS Akirin1 is found to be involved in myoblast differentiation. However, the mechanism by which
the Akirin1 gene regulates myoblast differentiation still remains unclear. In the present study,
we found that ectopic expression of Akirin1 promoted myoblast differentiation by increasing
the expression of myogenic regulatory factor (MRF) 4 (MRF4) and myocyte enhancer factor
2B (MEF2B) mRNA. Additionally, we showed that ectopic Akirin1 induced cell cycle arrest
by up-regulating p27 mRNA. To further uncover the mechanism by which Akirin1 promotes
myoblast differentiation, we showed that the enhanced Akirin1 increased the mRNA expres-
sion of P38«. Importantly, the enhanced MRF4 expression by Akirin1 can be abrogated by
treatment of SB203580, a p38 inhibitor. Similarly, we found that enhanced MEF2B expres-
sion by Akirin1 can be abrogated by treatment with LY294002, a PI3K inhibitor. Together, our
results indicate that Akirin1 promotes myoblast differentiation by acting on the p38 and PI3K
pathways and subsequently inducing the expression of myoblast differentiation factors.

Introduction

Myoblast differentiation is a multiple-step process. During this process, proliferating myoblasts perma-
nently withdraw from the cell cycle and fuse to multinucleated myotubes and form myofibers [1]. Myoblast
differentiation initiated by the expression of the MRFs (myogenic regulatory factors), such as Myf5, MyoD,
MyoG, and MRF4 [2-4]. Myf5 and MyoD are mainly involved in muscle specification and trigger conver-
sion of non-muscle cells [5,6], whereas MyoG and MRF4 act later during myogenesis and allow myotube
formation and maturation [3,7]. This conversion ability is greatly enhanced when MRFs are co-transfected
with MEF2s (myocyte enhancer factors 2s) (MEF2A-D) [8]. Members of these two families of transcrip-
tion factors also synergistically activated reporter gene expression [8]. In addition to MRFs and MEF2s,
cyclin-dependent kinase inhibitors, such as p21, are also essential for myogenic differentiation by regulat-
ing myoblast cycle arrest [9-11]. A tight regulation of differentiation is therefore critical for the production
of functional muscle.

Akirinl is a nuclear protein, which belongs to a family of highly conserved proteins called akirins [12].
Akirins have been identified as a cofactor that serve as an interface between a developmentally critical
transcription factor and the chromatin remodeling machinery [13]. Previously, Akirinl was found to be
highly expressed in differentiating myoblasts [14], suggesting role of Akirinl in regulating myoblast dif-
ferentiation. Moreover, overexpression of Akirinl in C2C12 cells results in early withdrawal of myoblasts
from the cell cycle, enhanced and accelerated differentiation, and hypertrophy of myotubes. Most impor-
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Figure 1. Influence of Akirin1 ectopic expression on MRFs mRNA expression and myobute formation

After transfecting with duck pEGFP-N1-Akirin1 or pEGFP-N1 plasmids for 24 h, myoblast differentiation was induced by switching
the cells to DM for 12-48 h. (A,B) The mRNA expression of MyoG and MRF4. (C,D) MyHC expression in myotubes detected by
IF (right panel, green color), and quantitation of the positive myotubes area and normalized against the total number of nuclei (left
panel, purple color). Each point represents the relative mean + S.D. *, P<0.05.

treatment of SB203580 or LY294002. Additionally, our findings showed that ectopic Akirinl induces cell cycle arrest
by up-regulating p21 mRNA.

2 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Table 1 Primer sequences used in the present study

Primer Product Ta Opt
ID Primer name Primer sequence (5'-3') size (bp) (°C)
P1 Akirin1-1F CGGAATTCGCCACCATGGCGTGCGGGGCGAC 576 58

Akirin1-1R CGGGATCCTCAGGATACATAGCTTGTTGGCCTTGTC
P2 Akirin1-2F ACTCAGCCTTCCTCCTCGGCACTTAC 261 60
Akirin1-2R TCAGGATACATAGCTTGTTGGCCTTGTC
P3 MyoG-F CGGATCACCTCCTGCCTGA 87 60
MyoG-R CGTCCTCTACGGCGATGCT
P4 MRF4-F GGAGCGCCATCAGCTACATC 132 56
MRF4-R CGAGGAAGTCCGAGCCATT
P5 MEF2A-F GGGTATGATGCCACCATTGAA 170 55
MEF2A-R GGTCTGCGCTAGTCAAGGAGTAA
P6 MEF2B-F CCACGCCATCAGCATCAAGTCAG 103 60
MEF2B-R GGCTTCGCTCAGGGAGGTCAG
pP7 MEF2C-F ATGGACAAAGTGCTGCTGAAA 272 55
MEF2C-R TGGTTGGACACTGGGATAGAAA
P8 MEF2D-F GCGTCCTGTGCGACTGCGAGAT 156 58
MEF2D-R ACGTCTCGATGATGTCCGCGTTG
P9 p21-F TTGGCTCACAAGGTCCCATCTAAGG 161 56
p21-R TTGGCTCACAAGGTCCCATCTAAGG
P10 P38a-F ACTGGATACAGACAAGCGAATTACTG 99 54
P38a-R TAGGGGTCTGCCACTGGTTCA
P11 P38p-F TGATGATGAGATGACTGGATACG 136 55
P38p-R CTTCCCTTTCAATAGTTCTGCC
P12 P38y-F GAAGATTCTGGATTTTGGATTGG 127 55
P38y-R GATGTCAACTGTTTGCGTGTAATG
P13 IGF--F CAGTGGGACGAAATAACAGGA 115 54
IGF--R CGCTCAGACTTGACGGACTT
P14 PIBK-F CTTTTACCGAGGAGGTTCTGTGG 137 60
PIBK-R CTGAAGGTTGGTCTTTGTGGAC
P15 Akt-F TCTTTGCTGGCATTGTTTGGC 162 60
Akt-R GCTGTCATCTTGGTCAGGAGGAGT
P16 GADPH-F AAGGCTGAGAATGGGAAAC 254 60
GADPH-R TTCAGGGACTTGTCATACTTC

Abbteviations: F, forward primer; R, reverse primer; Ta Opt, annealing temperature.

Materials and methods

Construction of the Akirin1 ectopic expression plasmid

According to the NCBI reference sequence of murine Akirinl (GenBank accession no. NM_023423.3), the cDNAs
encoding Akirinl were amplified by PCR with P1 (Table 1). These cDNAs were cloned into the pMD19-T plas-
mid (TaKaRa, Japan) and named pMD19-T-Akirinl. The entire coding region of murine Akirinl was digested from
pMD19-T-Akirinl plasmid and then inserted into the PEGFP-N1 plasmid via EcoRI and BamHI sites. After sequenc-
ing (Applied Invitrogen, China), the second recombinant plasmid was confirmed and named as pEGFP-N1-Akirinl.
To evaluate its quality, the second recombinant plasmid was extracted and double-digested by EcoRI and BamHI
(Beyotime Biotech, China).

Cell culture

For each experiment, Peking duck eggs which were incubated for 13 days were randomly selected, and the duck my-
oblasts used were isolated from the leg muscles of embryos [15]. Cells were cultured in growth medium (GM) con-
taining Dulbecco’s modified Eagle’s medium (DMEM) (Tokyo, Japan), 15% FBS (Invitrogen, U.S.A.), and antibiotics
(100 U/ml penicillin and 100 g/ml streptomycin). Until approximately 80% confluence was reached, the medium was
switched to differentiation medium (DM) which contained DMEM and 2% horse serum (Invitrogen, U.S.A.). The
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Figure 2. Influence of Akirin1 ectopic expression on cell cycle arrest

(A-D) Cell cycle changes in duck myoblasts by flow cytometry (above panel) and digital conversion histogram (below panel).
Propidium iodide staining for DNA content and an FACSCalibur flow cytometer were used to determine the percentage of cells in
Go/G1, Go/M and S. (E) The mRNA expression of p21. Each point represents the relative mean + S.D. *, P<0.05.

present study was carried out in strict accordance with the recommendations in the Guide for Sichuan Agricultural
University Animal Care and Use Committee, Sichuan Agricultural University, Sichuan, China.

Ectopic expression and drug treatments

For myoblast proliferation experiments, growing myoblasts (70-80% confluence) were transfected with
pEGFP-N1-Akirinl or the pEGFP-N1 empty plasmids using Lipofectin3000 (Invitrogen, U.S.A.) according to
the manufacturer’s instructions. At 24 h post-transfection, cells were harvested for RNA and protein extraction. For
myoblast differentiation experiments, pEGFP-N1-Akirinl plasmids or the pEGFP-N1 plasmids were transfected
for 24 h before the induction of differentiation. At 12, 24, 36, and 48 h after the induction of differentiation, cells
were harvested for RNA and protein extraction, respectively. For LY294002 or SB203580 treatment experiments,
PEGFP-N1-Akirinl plasmids or the pEGFP-NI1 plasmids were transfected for 24 h before the induction of differen-
tiation, when GM was switched to DM, LY294002 (20 uM, PI3K inhibitor) (Beyotime Biotech, China) or SB203580
(10 uM, p38 MAPK inhibitor) (Beyotime Biotech, China) were added into the duck myoblasts [16]. After LY294002
or SB203580 treatment, cells were harvested for RNA and protein extraction, respectively.

Real-time PCR

Total RNA was extracted from myoblasts by TRIzol (Takara, Japan) according to the manufacturer’s instructions and
then measured by spectrophotometry. RNA was reverse-transcribed to synthesize the cDNA by using the reverse
transcript system (Takara, Japan). Real-time PCR (RT-PCR) was carried out with the SYBR Prime Script RT-PCR Kit
(TaKaRa, Japan) by using the Bio-Rad CFX Manager (Bio-Rad Laboratories, U.S.A.). Each sample collected from cells
was repeated with three biological samples. The relative expression of target genes was normalized against the inter-
nal control gene, duck GAPDH. The relative gene expression was analyzed by the comparative C; method (2744
method) [17], and primer sequences (P2-P16) were used for RT-PCR (Table 1). In order to determine the RT-PCR
efficiency of the target and internal control genes, ten-fold serial dilutions (107'~107°) of cDNA were produced and
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Figure 3. Effects of Akirin1 ectopic expression and SB203580 on p38 MAPK signaling pathway

At 24 h post-transfection in the GM, RT-PCR and Western blot were carried out. (A-D) Influence of Akirin1 ectopic expression on
p38x, p38f3, and p38y MRNA expression and p38« protein expression. (E-G) Effects of SB203580 and Akirin1 ectopic expression
on the expression of p38x and MRF4. The values below each Western blot image represent the relative abundance of target protein
compared with GAPDH. Each point represents the relative mean + S.D. *, P<0.05.

assayed in triplicates to yield standard curves. The identity of the amplified products was also confirmed by sequenc-

ing (Applied Invitrogen, China).
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Western blot

Total cellular proteins were extracted from duck myoblasts with RIPA lysis buffer (Beyotime Biotech, China). Protein
samples were resolved by 10% SDS/PAGE and electroblotted on PVDF membranes (Beyotime Biotech, China). The
membranes were incubated in block buffer (Beyotime Biotech, China) at 37°C for 2 h and then incubated with the
primary antibody at 4°C for 12 h. After that, the membranes were incubated with a secondary antibody at 37°C for
2 h, and subsequently detected by using the ECL kit (Beyotime Biotech, China) and a Gel Imaging System (Bio-Rad,
U.S.A.). Primary antibodies against the following proteins were purchased from Biosynthesis Biotechnology and used
at 1:1000 dilutions: p38«x, p-p38c, MRF4, Akt, p-Akt, while GAPDH (diluted 1:1000) was purchased from Beyotime
Biotech. The secondary antibodies (HRP-conjugated goat anti-rabbit IgG or goat anti-mouse IgG) were purchased
from Biosynthesis Biotechnology as well. Image] software (National Institutes of Health, U.S.A.) was used for den-
sitometry analysis. The values below each Western blot image represent the relative abundance of the target protein
compared with GAPDH.

Flow cytometry

After 24 h of transfection, the duck myoblasts were switched to DM for 12 h, and then these myoblasts were collected
for cell cycle phase detection. The cell suspension was filtered and washed twice with 0.1 mol/l (pH 7.4) cold PBS.
After that, the cells were resuspended in PBS at a concentration of 1 x 10° cells/ml. Then, 1 ml of the suspension
was transferred to a 5 ml culture tube and centrifuged at 200x g for 5 min. The supernatant was discarded, and 1 ml
of PI staining solution (5 pl/ml propidium iodide, 0.5% Triton X-100, 0.5% RNase, PBS) was added. The cells were
gently whirled and incubated for 20 min in the dark at room temperature (25°C). Then, 2 ml of PBS were added and
centrifugal elutriation was performed. The supernatant was discarded, and cells were resuspended in PBS, the cell
phases were analyzed by flow cytometry (FACSCalibur, BD, Franklin Lakes, NJ, U.S.A.).

Immunofluorescence staining

After 24 h of transfection, myoblasts were switched to DM for 48 h, and then these cells were used for immunofluores-
cence (IF) staining. The cells were harvested and fixed with 4% paraformaldehyde (PFA) for 20 min and treated with
0.2% Triton X-100 for 10 min at room temperature, then blocked with 5% normal goat serum in PBS for 1 h. After
incubation with primary antibodies against MyHC (diluted 1:1000, DSHB) overnight at 4°C, the cells were incubated
against FITC-conjugated secondary antibody (Biosynthesis Biotechnology, China). The slides were co-stained with
DAPI (Beyotime Biotech, China) to visualize the nuclei. The relative areas of positive staining were evaluated with
Image] software.

Statistical analysis
The data were subjected to ANOVA and the means were compared for significance by Tukey’s test. ANOVA and ¢ test
were performed using SAS (SAS Institute, Cary, NC, U.S.A.) and the results were expressed as the mean & S.D.

Results
Ectopic expression of Akirin1 increases duck MRFs transcription and

myotube formation

To determine the role of Akirinl in duck myoblast differentiation, primary duck myoblast was transiently transfected
with a pEGFP-N1 vector or a pEGFP-N1 vector expressing Akirinl from 12 to 48 h. We found that the level of MyoG
was enhanced by Akirinl at 12 h, but decreased after 24 h with no significance (Figure 1A). Additionally, we found
that the level of MRF4 transcript was up-regulated by Akirinl expression at 24 h (Figure 1B). Consistent with this,
we found that that the number of MyHC-positive cells in the pEGFP-N1-Akirinl group was more than in the two
control groups (Figure 1C,D). Together, these data suggest that Akirinl promotes differentiation in primary duck
myoblasts by enhancing differentiation factors.

Ectopic expression Akirin1 induces cell cycle arrest in primary duck

myoblasts

It is known that MRFs and cyclin-dependent kinases, such as p21, coregulate each other and regulate cell cycle arrest,
which is essential for myogenic differentiation [18]. Thus, to examine whether Akirinl induces cell cycle arrest, flow
cytometry analysis was performed using primary duck myoblasts with or without Akirin1 expression. We found that,
the percentage of cells arrested in Go/G; phase was markedly increased in cells with ectopic expression of Akirinl

6 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 4. Influence of Akirin1 ectopic expression and LY294002 on MEFs mRNA expression

(A) Influence of Akirin1 ectopic expression on MEF2A mRNA expression. (B) Influence of Akirin1 ectopic expression on MEF2B
mRNA expression. (C) Influence of Akirin1 ectopic expression on MEF2C mRNA expression. (D) Influence of Akirin1 ectopic ex-
pression on MEF2D mRNA expression. After transfecting with duck pEGFP-N1-Akirin1 or pEGFP-N1 plasmids for 24 h, myoblast
differentiation was induced by switching the cells to DM for 12-48 h. Each point represents the relative mean + S.D. *, P<0.05.

as compared with that in the two control cells (Figure 2 A-C). The relative percentage of cells in G¢/G;, G2/M, and
S phases was quantitated and shown in Figure 2D. Since p21 is known to be critical to induce G, arrest, thus, we
performed RT-PCR analysis and found that ectopic expression of Akirinl significantly up-regulated p21 transcript
at 12 h but not at later stage (Figure 2E).

Effects of Akirin1 ectopic expression on the p38 MAPK signaling pathway
Recent studies have demonstrated that p38 MAPK co-operates with the myogenic transcription factors in the activa-
tion of a subset of late-transcribed genes, hence contributing to the temporal expression of genes during differentia-
tion [19]. Thus, to further determine the mechanism by which Akirinl promotes duck myoblast differentiation, the
level of several p38 isoforms including p38«x, p38f3, and p38y was examined. We found that the level of p38«, but
not p383 and p38y was up-regulated by Akirinl (Figure 3A-C). Furthermore, the protein expression of p-p38c also
increased (Figure 3D). To verify this, the p38 inhibitor, SB203580, was used to treat primary duck myoblasts with or
without Akirinl expression and the level of MRF4 transcripts was determined. We showed that SB203580 was unable
to abrogate the up-regulation of p38« transcript by Akirinl (Figure 3E). Importantly, we showed that treatment with
SB203580 abolished the up-regulation of MRF4 by Akirinl (Figure 3F). Consistent with this, we found that the level
of MRF4 protein was decreased by SB203580 (Figure 3G).

Ectopic expression of Akirin1 up-regulates MEF2s transcript

MEF2s family transcription factors cannot induce myogenesis in transfected fibroblasts, but when coexpressed with
the MRFs, they dramatically increase the extent of myogenic conversion above that seen with either MRF factors
alone [20]. To examine the role of Akirinl in regulating MEF2s, qRT-PCR analysis was performed. We showed that
the expression of MEF2A and MEF2C irregularly increased to a high level and then decreased (Figure 4A,C), while
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Figure 5. Effects of Akirin1 ectopic expression and LY294002 on PI3K/Akt signaling pathway
(A-D) Ectopic expression of Akirin1 increased the expression of IGF-/PI3K/Akt signaling pathway related proteins. (E,F) Effects
of LY294002 and Akirin1 Ectopic expression on the expression of Akt, p-Akt, and MEF2B. At 24 h post-transfection in the GM,
RT-PCR and Western blot were carried out. The values below each Western blot image represent the relative abundance of target
protein compared with GAPDH. Each point represents the relative mean + S.D. *, P<0.05.
the expression of MEF2B and MEF2D progressively increased to a high level (Figure 4B,D). Interestingly, the level
of MEF2B was significantly up-regulated by Akirinl in a time-dependent manner (Figure 4B) whereas the level of
MEF2D was up-regulated at late stage (Figure 4D).
8 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Effects of LY294002 and Akirin1 ectopic expression on

IGFs/PISK/Akt/MEF2B signaling pathway

Previous studies showed that IGFs/PI3K/Akt signaling pathway plays an important role in myoblast differentiation
[21]. To determine whether IGFs/PI3K/Akt pathway is involved in Akirinl-mediated up-regulation of MEF2s, the
expression of IGF-II, PI3K, and Akt was examined. We showed that ectopic expression of Akirinl significantly in-
creased the mRNA expression of IGF-II, PI3K, and Akt at 12 and 24 h (Figure 5A-C). Furthermore, the expression of
p-Akt Ser*”? also increased (Figure 5D). To verify this, the PI3K inhibitor, LY294002, was used to treat primary duck
myoblasts with or without Akirinl expression. We showed that LY294002 was able to abrogate the up-regulation of
p-Akt Ser*”? protein by Akirinl (Figure 5E). Importantly, we showed that treatment with LY294002 abolished the
up-regulation of MEF2B by LY294002 (Figure 5F).

Effects of LY294002 and AKkirin1 ectopic expression on cell cycle arrest

To determine the mechanism by which Akirinl regulates cell cycle arrest during myoblast differentiation, primary
myoblasts transiently expressing with or without Akirinl were treated with or without LY294002. We found that the
increased p21 transcript by Akirinl was abrogated upon treatment with LY94002 (Figure 6A). Next, we performed
an FACS analysis. Interestingly, we found that treatment with LY294002 was unable to recover the cell cycle arrest
by Akirinl (Figure 6B-E). Quantitative data indicate that Akirinl increased the number of cells arrest in G; phase,
which can be further increased by treatment of Akirinl (Figure 6F).

Discussion

Myoblast differentiation is a highly ordered process that is initially induced by several MRFs [22]. Previous studies
showed the expression of MyoG, which is normally expressed at the onset of differentiation, were found to be in-
creased by ectopic expression of Akirinl [14]. In this study, we found that ectopic expression of Akirinl not only
significantly increased the mRNA expression of MyoG at 12 h, but also significantly increased the mRNA expression
of MRF4 which plays a critical role in initiating myoblast differentiation as well [23]. In the terminal myoblasts dif-
ferentiation, myoblasts gradually differentiate into multinucleated myotubes, meanwhile, MyHC coexpresses during
this stage [22,24,25]. Previous studies demonstrated that overexpressed Akirinl could increase the number of my-
otube [14]. In this study, ectopic expression of Akirinl could also increase the number of MyHC-positive cells. Thus,
this finding suggested that ectopic expression of Akirinl could influence the myoblast differentiation by mediating
the expression of several MRFs.

When the myoblast differentiation was initiated, myoblasts also began to exit from the cell cycle [10]. This process
is controlled by cyclin-dependent kinase inhibitors, such as p21 [9]. A previous study described that overexpressed
Akirinl could increase the expression of p21 which suggested that Akirinl may be able to accelerate cell cycle arrest
[14]. In the present study, the number of cells at the G¢/G; stage in the pEGFP-N1-Akirinl group was significantly
higher than other two control groups, while the number of cells at the S stage in the pEGFP-N1-Akirinl group was
significantly lower than two control groups, which suggested that ectopic expression of Akirinl significantly accel-
erated the cell cycle arrest. Moreover, the mRNA expression of p21 was significantly increased at 12 h after ectopic
expression of Akirinl. Thus, these results suggested that Akirinl could accelerate cell cycle arrest by some unknown
ways, and then promote myoblast differentiation.

It is well known that IGFs including IGF-I and -II promote cell proliferation and differentiation through activation
of the PI3K/Akt signaling pathway [21,26]. Interestingly, previous studies have shown that Akirinl could increase
the promoter activity of IGF-II which could act as an activator of the p38 MAPK signaling pathway [27]. p38 MAPK
signaling pathway has been demonstrated that it plays an important role in stimulating the transcriptional activities
of MRFs [28]. In this study, our result showed that ectopic expression of Akirinl significantly increased the mRNA
expression of p38«x from 12 to 24 h, suggested that Akirinl could promote the expression of p38«x. Previous study
found MRF4 could be phosphorylated by p-p38, resulting in its reduced transcriptional activity [29]. In this study,
after Sb203580 treatment, the expression of MRF4 decreased to a low level suggesting that Sb203580 could block the
positive impact of Akirinl on the expression of MRF4 at the early stage of muscle differentiation. Thus, these results
showed that Akirinl could promote the duck myoblast differentiation through enhancing the mRNA expression of
MRF4 mediated by p38 MAPK pathway.

It is well known that MRF and MEF2 family members co-operate in the activation of many muscle structural genes
during differentiation and the formation of multinucleated myotubes. For example, MEF2 family members could
regulate the expression of MRF4 by activating its promoter [30]. Moreover, MEF2B is capable to interact with the
heterodimer that formed between MyoG and E12 to further promote the myoblasts differentiation [8]. In this study,

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 9
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Figure 6. Effects of Akirin1 ectopic expression and LY294002 on cell cycle arrest
(A) Effects of LY294002 and Akirin1 ectopic expression on the expression of p21. (B-E) Effects of LY294002 and Akirin1 ectopic
expression on the cell cycle arrest by flow cytometry and digital conversion histogram (F). Propidium iodide staining for DNA content

and an FACSCalibur flow cytometer were used to determine the percentage of cells in Go/G1, G2/M, and S.
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our result showed that ectopic expression of Akirinl could significantly alter the mRNA expression of MEF2B and
MEF2D, suggesting that Akirinl can regulate MEF2B and MEF2D expression. Previous study found that MEF2C
is the first MEF2 gene to be expressed in the somite myotome (~E9.0), while MEF2D expressed later than MEF2C
[31]. Thus, Akirinl may promote later myoblast differentiation via regulating the part of MEFs expression. Previous
studies showed that the PI3K/Akt signaling pathway, which could be active by IGF-II, played an important role in
myoblast differentiation [32-34]. In this study, ectopic expression of Akirinl in the duck myoblast not only signif-
icantly increased the mRNA expression of IGF-II, but also significantly increased the expression of PI3K and Akt
at 12 and 24 h. This finding suggested that Akirinl could active the PI3K/Akt signaling pathway at the early stage
of myoblast differentiation process. It has been demonstrated that p-Akt could increase the MEF2s transcriptional
activity [35]. Interestingly, in the present study, after adding the LY294002, the mRNA expression of MEF2B signifi-
cantly decreased to a lower level, suggested that LY294002 could also block the positive impact of Akirinl on MEF2B.
Thus, these findings suggest Akirinl could promote the duck myoblast differentiation through enhancing the mRNA
expression of MEF2B mediated by the PI3K/Akt signaling pathway.

It has been reported that Akt could phosphorylate p21 and then enhance its protein stability [36]. In this study,
after adding the LY294002, the mRNA expression of p21 significantly decreased to a lower level, suggesting that p21
could be regulated by the PI3K/Akt signaling pathway. However, after adding the LY294002, the cell cycle arrest has
not been changed, suggested that the cell cycle arrest was not regulated by PI3K/Akt signaling pathway. Thus, the
more sophisticated regulatory mechanisms of Akirinl on cell cycle arrest still need to be explored.

In conclusion, our results demonstrated that Akirinl promotes myoblast differentiation by acting on the p38 and
PI3K pathways and subsequently inducing the expression of myoblast differentiation factors. Additionally, Akirinl
could also promote cell cycle arrest in an unknown way. Further research is needed to clarify how Akirinl promotes
cell cycle arrest.

Funding

This work was supported by the China Agricultural Research System [grant number CARS-43-6]; the Application Foundation
Project of Sichuan Province [grant number 2015JY0110]; and the Key Technology Support Program of Sichuan Province [grant
number 2016NYZ0044].

Author contribution
J.W,, L.L., and H.L. designed the study. W.S., S.H., J.H., J.Q., S.Y., B.H., and X.G. performed the experiment. W.S. wrote the
manuscript.

Competing interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations

DM, differentiation medium; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; GM, growth medium; IGF,
insulin-like growth factor; MEF, myocyte enhancer factor; MRF, myogenic regulatory factor; MyHC, Myosin heavy chain; PVDF,
polyvinylidene difluoride; RT-PCR, real-time PCR.

References

1 Olson, E.N. (1992) Interplay between proliferation and differentiation within the myogenic lineage. Dev. Biol. 154, 261-272,
https://doi.org/10.1016/0012-1606(92)90066-P

2 Olson, E.N. and Klein, W.H. (1994) bHLH factors in muscle development: dead lines and commitments, what to leave in and what to leave out. Genes
Dev. 8, 1-8, https://doi.org/10.1101/gad.8.1.1

3 Rudnicki, M.A. and Jaenisch, R. (1995) The MyoD family of transcription factors and skeletal myogenesis. BioEssays 17, 203-209,
https://doi.org/10.1002/bies.950170306

4 Weintraub, H., Davis, R., Tapscott, S., Thayer, M., Krause, M., Benezra, R. et al. (1991) The myoD gene family: nodal point during specification of the
muscle cell lineage. Science 251, 761766, https://doi.org/10.1126/science.1846704

5 Choi, J., Costa, M.L., Mermelstein, C.S., Chagas, C., Holtzer, S. and Holtzer, H. (1990) MyoD converts primary dermal fibroblasts, chondroblasts, smooth
muscle, and retinal pigmented epithelial cells into striated mononucleated myoblasts and multinucleated myotubes. Proc. Natl. Acad. Sci. U.S.A. 87,
7988-7992, https://doi.org/10.1073/pnas.87.20.7988

6 Rudnicki, M.A., Schnegelsberg, P.N., Stead, R.H., Braun, T., Arnold, H.-H. and Jaenisch, R. (1993) MyoD or Myf-5 is required for the formation of
skeletal muscle. Cell 75, 1351-1359, https://doi.org/10.1016/0092-8674(93)90621-V

7 Rhodes, S.J. and Konieczny, S.F. (1989) Identification of MRF4: a new member of the muscle regulatory factor gene family. Genes Dev. 3, 2050-2061,
https://doi.org/10.1101/gad.3.12b.2050

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 1 1
Attribution License 4.0 (CC BY).

#20¢ Idy 60 U0 3s8nb Aq 4pd-zG12-81.02-1SA/YE8 L ¥8/2S 1281 02HSa/E/6E/HPd-0[oNe/da.10S01q/W0d"JIBYDISA|IS HOd//:dRY WOy papeojumoq


https://doi.org/10.1016/0012-1606(92)90066-P
https://doi.org/10.1101/gad.8.1.1
https://doi.org/10.1002/bies.950170306
https://doi.org/10.1126/science.1846704
https://doi.org/10.1073/pnas.87.20.7988
https://doi.org/10.1016/0092-8674(93)90621-V
https://doi.org/10.1101/gad.3.12b.2050

o = PORTLAND
09 rress

Bioscience Reports (2019) 39 BSR20182152
https://doi.org/10.1042/BSR20182152

8 Molkentin, J.D., Black, B.L., Martin, J.F. and Olson, E.N. (1995) Cooperative activation of muscle gene expression by MEF2 and myogenic bHLH
proteins. Cell 83, 1125-1136, https://doi.org/10.1016/0092-8674(95)90139-6

9 Brugarolas, J., Moberg, K., Boyd, S.D., Taya, Y., Jacks, T. and Lees, J.A. (1999) Inhibition of cyclin-dependent kinase 2 by p21 is necessary for
retinoblastoma protein-mediated G1 arrest after gamma-irradiation. Proc. Natl. Acad. Sci. U.S.A. 96, 1002-1007,
https://doi.org/10.1073/pnas.96.3.1002

10 Halevy, 0., Novitch, B.G., Spicer, D.B., Skapek, S.X., Rhee, J., Hannon, G.J. et al. (1995) Correlation of terminal cell cycle arrest of skeletal muscle with
induction of p21 by MyoD. Science 267, 1018-1021, https://doi.org/10.1126/science.7863327

11 Walsh, K. and Perlman, H. (1997) Cell cycle exit upon myogenic differentiation. Curr. Opin. Genet. Dev. 7, 597-602,
https://doi.org/10.1016/50959-437X(97)80005-6

12 Goto, A. (2008) Identification of novel nuclear innate immune factor Akirin. Tanpakushitsu Kakusan Koso 53, 1144—1151

13 Nowak, S.J. and Baylies, M.K. (2012) Akirin: a context-dependent link between transcription and chromatin remodeling. Bioarchitecture 2, 209-213,
https://doi.org/10.4161/bioa.22907

14 Marshall, A., Salerno, M.S., Thomas, M., Davies, T., Berry, C., Dyer, K. et al. (2008) Mighty is a novel promyogenic factor in skeletal myogenesis. Exp.
Cell Res. 314, 1013-1029, https://doi.org/10.1016/j.yexcr.2008.01.004

15 Rando, T.A. and Blau, H.M. (1994) Primary mouse myoblast purification, characterization, and transplantation for cell-mediated gene therapy. J. Cell
Biol. 125, 12751287, https://doi.org/10.1083/jcb.125.6.1275

16 Li, X., Liu, H., Wang, H., Sun, L., Ding, F., Sun, W. et al. (2014) Follistatin could promote the proliferation of duck primary myoblasts by activating
PI3K/Akt/mTOR signalling. Biosci. Rep. 34, 00143, https://doi.org/10.1042/BSR20140085

17 Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402—-408, https://doi.org/10.1006/meth.2001.1262

18 Guo, K., Wang, J., Andres, V., Smith, R.C. and Walsh, K. (1995) MyoD-induced expression of p21 inhibits cyclin-dependent kinase activity upon myocyte
terminal differentiation. Mol. Cell. Biol. 15, 3823-3829, https://doi.org/10.1128/MCB.15.7.3823

19 Keren, A., Tamir, Y. and Bengal, E. (2006) The p38 MAPK signaling pathway: a major regulator of skeletal muscle development. Mol. Cell. Endocrinol.
252, 224-230, https://doi.org/10.1016/j.mce.2006.03.017

20 Taylor, M.V. and Hughes, S.M. (2017) Mef2 and the skeletal muscle differentiation program. Semin. Cell Dev. Biol. 72, 33-44,
https://doi.org/10.1016/j.semcdb.2017.11.020

21 Laviola, L., Natalicchio, A. and Giorgino, F. (2007) The IGF-I signaling pathway. Curr. Pharm. Des. 13, 663—669,
https://doi.org/10.2174/138161207780249146

22 Buckingham, M. (2006) Myogenic progenitor cells and skeletal myogenesis in vertebrates. Curr. Opin. Genet. Dev. 16, 525-532,
https://doi.org/10.1016/j.gde.2006.08.008

23 Berkes, C.A. and Tapscott, S.J. (2005) MyoD and the transcriptional control of myogenesis. Semin. Cell Dev. Biol. 16, 585-595,
https://doi.org/10.1016/j.semcdb.2005.07.006

24 Kim, J.H., Jin, P., Duan, R. and Chen, E.H. (2015) Mechanisms of myoblast fusion during muscle development. Curr. Opin. Genet. Dev. 32, 162-170,
https://doi.org/10.1016/j.gde.2015.03.006

25 Pedrosa—Domellodf, ., Holmgren, Y., Lucas, C.A., Hoh, J.EY. and Thornell, L.-E. (2000) Human extraocular muscles: unique pattern of myosin heavy
chain expression during myotube formation. Invest. Ophthalmol. Visual Sci. 41, 1608-1616

26 Sandri, M., Barberi, L., Bijlsma, A.Y., Blaauw, B., Dyar, K.A., Milan, G. et al. (2013) Signalling pathways regulating muscle mass in ageing skeletal
muscle: the role of the IGF1-Akt-mTOR-FoxO pathway. Biogerontology 14, 303-323, https://doi.org/10.1007/s10522-013-9432-9

27 Ren, H., Accili, D. and Duan, C. (2010) Hypoxia converts the myogenic action of insulin-like growth factors into mitogenic action by differentially
regulating multiple signaling pathways. Proc. Natl. Acad. Sci. U.S.A. 107, 5857-5862, https://doi.org/10.1073/pnas.0909570107

28 Puri, PL., Wu, Z., Zhang, P., Wood, L.D., Bhakta, K.S., Han, J. et al. (2000) Induction of terminal differentiation by constitutive activation of p38 MAP
kinase in human rhabdomyosarcoma cells. Genes Dev. 14, 574-584

29 Suelves, M., Lluis, F., Ruiz, V., Nebreda, A.R. and Munoz-Canoves, P. (2004) Phosphorylation of MRF4 transactivation domain by p38 mediates
repression of specific myogenic genes. EMBO J. 23, 365-375, https://doi.org/10.1038/sj.emboj.7600056

30 Naidu, PS., Ludolph, D.C., To, R.Q., Hinterberger, T.J. and Konieczny, S.F. (1995) Myogenin and MEF2 function synergistically to activate the MRF4
promoter during myogenesis. Mol. Cell. Biol. 15, 2707-2718, https://doi.org/10.1128/MCB.15.5.2707

31 Edmondson, D.G., Lyons, G.E., Martin, J.F. and Olson, E.N. (1994) Mef2 gene expression marks the cardiac and skeletal muscle lineages during mouse
embryogenesis. Development 120, 1251-1263

32 Tamir, Y. and Bengal, E. (2000) Phosphoinositide 3-kinase induces the transcriptional activity of MEF2 proteins during muscle differentiation. J. Biol.
Chem. 275, 34424-34432, https://doi.org/10.1074/jbc.M005815200

33 Lefaucheur, J.P. and Sebille, A. (1995) Muscle regeneration following injury can be modified in vivo by immune neutralization of basic fibroblast growth
factor, transforming growth factor beta 1 or insulin-like growth factor I. J. Neuroimmunol. 57, 85-91, https://doi.org/10.1016/0165-5728(94)00166-L

34 Carter, E.J., Cosgrove, R.A., Gonzalez, |., Eisemann, J.H., Lovett, FA., Cobb, L.J. et al. (2009) MEK5 and ERK5 are mediators of the pro-myogenic
actions of IGF-2. J. Cell Sci. 122, 3104-3112, https://doi.org/10.1242/jcs.045757

35 Xu, Q. and Wu, Z. (2000) The insulin-like growth factor-phosphatidylinositol 3-kinase-Akt signaling pathway regulates myogenin expression in normal
myogenic cells but not in rhabdomyosarcoma-derived RD cells. J. Biol. Chem. 275, 36750-36757, https://doi.org/10.1074/jbc.M005030200

36 Li, Y., Dowbenko, D. and Lasky, L.A. (2002) AKT/PKB phosphorylation of p21Cip/WAF1 enhances protein stability of p21Cip/WAF1 and promotes cell
survival. J. Biol. Chem. 277, 11352—-11361, https://doi.org/10.1074/jbc.M109062200

1 2 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

#20¢ Idy 60 U0 3s8nb Aq 4pd-zG12-81.02-1SA/YE8 L ¥8/2S 1281 02HSa/E/6E/HPd-0[oNe/da.10S01q/W0d"JIBYDISA|IS HOd//:dRY WOy papeojumoq


https://doi.org/10.1016/0092-8674(95)90139-6
https://doi.org/10.1073/pnas.96.3.1002
https://doi.org/10.1126/science.7863327
https://doi.org/10.1016/S0959-437X(97)80005-6
https://doi.org/10.4161/bioa.22907
https://doi.org/10.1016/j.yexcr.2008.01.004
https://doi.org/10.1083/jcb.125.6.1275
https://doi.org/10.1042/BSR20140085
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1128/MCB.15.7.3823
https://doi.org/10.1016/j.mce.2006.03.017
https://doi.org/10.1016/j.semcdb.2017.11.020
https://doi.org/10.2174/138161207780249146
https://doi.org/10.1016/j.gde.2006.08.008
https://doi.org/10.1016/j.semcdb.2005.07.006
https://doi.org/10.1016/j.gde.2015.03.006
https://doi.org/10.1007/s10522-013-9432-9
https://doi.org/10.1073/pnas.0909570107
https://doi.org/10.1038/sj.emboj.7600056
https://doi.org/10.1128/MCB.15.5.2707
https://doi.org/10.1074/jbc.M005815200
https://doi.org/10.1016/0165-5728(94)00166-L
https://doi.org/10.1242/jcs.045757
https://doi.org/10.1074/jbc.M005030200
https://doi.org/10.1074/jbc.M109062200

