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Abstract: Akirin is a recently discovered nuclear factor that plays an important role in innate
immune responses. Beyond its role in innate immune responses, Akirin has recently been
shown to play an important role in skeletal myogenesis. In this article, we will briefly review
the structure and tissue distribution of Akirin and discuss recent advances in our
understanding of its role and signal pathway in skeletal myogenesis.
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1. Introduction

Skeletal myogenesis is a multistep process in which multipotent precursor cells give rise to myoblasts
that subsequently withdraw from the cell cycle, and differentiate and fuse into multinuclear myotubes
and then myofibers [1,2]. Skeletal myogenesis is mainly regulated by the muscle-specific transcription
factors, including MyoD, myogenin, myogenic factor 5 (Myf5), myogenic regulatory factor 4 (MRF4)
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and myocyte enhancer factor-2 (MEF2) [3,4]. Skeletal myogenesis is also controlled by various
autocrine/paracrine growth factors and cytokines, such as myostatin [5]. However, the control of skeletal
myogenesis is not only restricted to the above mentioned factors, but also might have some novel
factors.

Akirin is a nuclear factor required for innate immune responses [6]. The Akirin gene is highly
conserved among vertebrates and has two homologues, Akirinl and Akirin2 [7]. Till now, the Akirin
gene was cloned from different species such as mice, duck, chicken, turbot and pig [6,8—13] and its
expression pattern has been previously examined in different species [8—11,14,15]. Beyond its role in
innate immune responses, Akirin has recently been shown to play an important role in skeletal
myogenesis [14-19] and be negatively regulated by myostatin in skeletal muscle [14]. In addition,
analysis of single-nucleotide polymorphism (SNP) in Japanese black beef cattle reveals that Akirin2 is
regarded as a positional functional candidate for the gene responsible for marbling [20]. In this review,
we will briefly introduce the finding, structure and tissue distribution of Akirin, the basic biological role
of Akirin in skeletal myogenesis and its possible signaling pathway.

2. The Finding and Structure of AKirin

In 2008, Akirin was firstly isolated from Drosophila melanogaster using a genome-wide screen by
RNA-mediated interference [6]. The Akirin gene is conserved in vertebrates and at least two
homologues, named Akirinl and Akirin2, have been identified [6]. However, the Akirin gene family
comprises a single gene (A4kirin2) in birds/reptiles, and the teleost species have two to eight Akirin
family members [6,7,15,17].

The Akirin protein contains 180—204 amino acid residues with a predicted molecular weight about
20-25 kDa [17]. Homology analysis revealed that the conservation region of Akirin protein exists at the
putative N-terminal and C-terminal domains, and a less conservative sequence locates in the middle
region of the protein [6,7,17]. All Akirin protein sequences contain a highly conserved N-terminal
nuclear localization signal (NLS) (Pro-Val-Lys-Arg-Arg), a functional motif, and Akirin was strictly
localized to the nucleus [6,7,17].

The Akirin sequence has no obvious DNA- or RNA-binding motifs, so it cannot directly bind
DNA [6], but it can interact with cofactors to promote or repress mRNA transcription including 14-3-3
proteins [21]. The 14-3-3 proteins are phosphoserine/threonine-binding proteins. It has been reported
that 14-3-3 proteins can regulate subcellular localization, protein-protein interactions of target proteins,
and many cellular activities including the cell cycle, intracellular signaling, apoptosis and malignant
transformation [21-23]. There is a growing body of evidence indicating that Akirin2 physically interacts
with 14-3-3 proteins in the nucleus to regulate gene expression [7,21]. However, Akirinl has several low
affinity 14-3-3 binding sites [7] and was detected in the nucleus [6], suggesting that the positive function
of the Akirinl may be mediated through binding 14-3-3 proteins [7]. Therefore, an interesting line of
future investigation will be to further explore the relationship between Akirin and 14-3-3 proteins and
whether the role played by Akirin is accounted for by binding to 14-3-3 proteins.
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3. The Tissue Distribution of Akirin

A large number of studies show that the Akirin is expressed in a variety of different tissues [8-11,14,15].
Marshall et al. found that mouse Akirinl was expressed in many tissues such as brain, testes, lung,
kidney, intestine and liver [14]. They also found that Akirin/ expression was comparatively low in
skeletal muscle, while its expression was increased in myostatin-null skeletal muscle [14]. In addition,
the Akirinl expression was detected in inflammatory cells macrophages from peritoneal cavity and bone
marrow of mice [16], which imply that Akirin may play an important role in inflammation reaction.
More recently, data from our group showed that porcine Akirin2 mRNA was mainly expressed in the
lung and modestly expressed in the skeletal muscle and heart [9]. Man et al. reported that chicken
Akirin2 mRNA was highly expressed in the brain and oviduct [8]. Moreover, the expression levels of
eight Akirin family members were detected in different tissues of Atlantic salmon [15]. These findings
suggest that the functions of the Akirin are presented diversely in different tissues and different
developmental stages among different species.

4. Effects of Akirin on Skeletal Myogenesis

Several lines of evidence support a role of Akirin in skeletal myogenesis. First, the expression of
Akirin is negatively regulated by myostatin [14,16]. Second, Akirin has been reported to promote
myogenic differentiation [14,19]. Finally, Akirin has been shown to induce the quiescent satellite cells
(SC) activation and migration [14,18].

4.1. Akirin Expression is Negatively Regulated by Myostatin

Myostatin, a member of transforming growth factor f (TGF-f) superfamily, is a negative regulator of
skeletal myogenesis [3]. Myostatin is predominantly expressed in skeletal muscle tissue. Loss of
myostatin function results in a widespread increase in skeletal muscle mass due to both muscle
hypertrophy and hyperplasia [3,14,24-26].

After a suppression subtract hybridization (SSH) strategy was used to compare differentially gene
expression between myostatin-null mouse muscle and wild-type mouse muscle, a novel gene named
Akirinl was isolated and its expression was reportedly only increased in the skeletal muscle of
myostatin-null mice [14,16]. Moreover, the Akirinl expression has been shown to be suppressed by
myostatin through MEK/ERK signaling pathway [14]. However, the inhibition is partially rescued by
the antagonistic effect Mstn-antl (myostatin cDNA was truncated at the amino acid 350, produing a
truncated portion of the processed region of amino acids 266—350) on myostatin activity [14]. Taken
together, these results suggest that Akirinl is negatively regulated by myostatin and plays a key role in
the signaling pathway of myostatin.

4.2. Akirin Increases the Expression of MRF's

The muscle specific bHLH transcription factors known as MRFs, consisting of MyoD, myogenin,
Myf5 and MRF4 (Myf6), are considered to be the master regulators of skeletal myogenesis [4]. It has
been reported that the peak expression of Akirinl is observed considerably earlier than MyoD during
myoblast differentiation, indicating that Akirinl functions upstream of MyoD. Over-expression of
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Akirinl in C2C12 cells induces the withdrawal from the cell cycle and accelerates the expression of
differentiation markers MyoD, Myogenin and MHC [14,19]. Conversely, knock-down of Akirinl by
RNAIi down-regulates the expression of MyoD and myogenin in C2C12 myoblasts [14]. More recently,
Nowak et al. identified Akirin as a factor that facilitates an interaction between Twist and the
Brahma-containing (BRM) chromatin remodeling complex to promote gene expression [27]. Whether
Akirin interacts with Twist to positively regulate the expression of MRFs will be necessary in
future investigations.

Akirin2, a member of Akirin family, also plays an important role in skeletal myogenesis and affects
the myogenic differentiation in birds. In the absence of Akirinl, the function of Akirin in skeletal muscle
growth may be fulfilled by Akirin2 in birds [7]. It will be necessary to determine whether Akirin2 could
regulate skeletal myogenesis in other animals in future investigations. Together, these findings indicate
that Akirin plays an important role in myogenic differentiation, and it promotes skeletal myogenesis
through up-regulation of MRFs expression.

4.3. Akirin Decreases the Expression of CD34 and Sca-1

During differentiation, a large subpopulation of myoblasts remains quiescent but is capable of
self-renewal and differentiation. This subpopulation is called reserve cells and expresses stem cell
antigen-1 (Sca-1) and CD34, the markers of satellite cells [28,29]. It has been shown that Sca-1 is
associated with maintaining cell in non-differentiation and slow proliferation state, while CD34 is
associated with keeping reserve cells out of fusion [30]. There is considerable evidence that Sca-1 and
CD34 play an important role in myogenic differentiation [30,31]. In C2C12 cells, the expression of
Sca-1 and CD34 were greater in the reserve cell population than in the myotube population [16]. There is
a body of evidence to suggest that Akirinl over-expression may cause the enhanced fusion phenotype
and myoblast hypertrophy [16]. It may be explained that Akirinl over-expression in C2CI12 cells
significantly reduced the expression of CD34 and Sca-1 [14,18]. Moreover, molecular and
immunohistological analysis indicated that low levels of Akirinl are associated with quiescent satellite
cells, while higher levels of Akirinl are detected in activated proliferating satellite cells [16]. The results
indicate that Akirin might be associated with satellite cells activation.

Based on the above, we can conclude that the Akirin is a downstream target gene of myostatin and a
critical promyogenic factor, regulating the expression of myogenic differentiation related genes.
Additionally, it also regulates key steps of muscle regeneration such as chemotaxis of inflammatory
cells, satellite cells activation and migration. However, the precise function and molecular mechanisms
of Akirin in skeletal myogenensis remains unclear. In addition, Akirin regulated skeletal myogenesis is
mainly concentrated on Akirinl gene, so the relationship between Akirin2 gene and skeletal myogenesis
needs to be characterized. Therefore, further studies are required to elucidate the function and molecular
basis of Akirin in the control of skeletal muscle development of livestock and poultry.

5. Akirin Signaling Pathway

The signaling pathway for Akirin remains large unknown. At present, there is growing evidence that
Akirinl can stimulate skeletal muscle cell differentiation and enhance the myotube formation through
IGF-II-PI3K-Akt signaling pathway [14]. As a differentiation inducing factor, IGF-II has been shown to
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enhance the differentiation of myoblasts and the formation of myotubes [32]. It has been reported that
over-expression of Akirinl in C2C12 myoblasts increases the secretion of IGF-II during the myogenic
differentiation, and the phosphorylated Akt was also elevated by Akirinl over-expression [14]. When
blocking PI3K pathway by the PI3K specific inhibitor LY294002, the Akirinl promoter activity is
inhibited [14]. Taken together, these results provide evidence that Akirinl regulates skeletal myogenesis
via IGF-II-PI3K-Akt signaling pathway. Further research is required to investigate whether other
pathways are involved in the Akirin-mediated skeletal myogenesis.

6. Conclusions and Future Directions

Skeletal myogenesis has been widespread concern, which is mainly regulated by muscle transcription
factors such as MRFs and MEF2. Akirin is a recently discovered nuclear factor that plays an important
role in skeletal myogenesis. However, its precise mechanisms are still lacking. Therefore, intensive
studies of the molecular mechanism on how Akirin exerts its role in skeletal myogenesis will be critical
not only for understanding the control of skeletal myogenesis but also for improving animal meat yield
in livestock production.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (No. 31201811,
No. 31272459), the Scientific Research Fund of Sichuan Provincial Education Department
(No. 10ZA053), the Sichuan Youth Science and Technology Foundation (No. 2012JQ0049), and the
Specific Research Supporting Program for Academic Sustentation Research Team in Sichuan
Agricultural University (No. 00970502).

Conflict of Interest

The authors declare no conflict of interest.
References

1. Buckingham, M. Myogenic progenitor cells and skeletal myogenesis in vertebrates. Curr. Opin.
Genet. Dev. 2006, 16, 525-532.

2. Le Grand, F.; Rudnicki, M.A. Skeletal muscle satellite cells and adult myogenesis. Curr. Opin. Cell
Biol. 2007, 6, 628—633.

3.  Weintraub, H. The MyoD family and myogenesis: Redundancy, networks, and thresholds. Cell
1993, 75, 1241-1244.

. Cheng, Z.L.; Zhu, D.H.; Zhang, Z.Q. MEF2 and myogenesis. Yi Chuang 2002, 5, 581-585.

5. Thomas, M.; Langley, B.; Berry, C.; Sharma, M.; Kirk, S.; Bass, J.; Kambadur, R. Myostatin, a
negative regulator of muscle growth, functions by inhibiting myoblast proliferation. J. Biol. Chem.
2000, 275, 40235-40243.

6. Goto, A.; Matsushita, K.; Gesellchen, V.; Chamy, L.E.; Kuttenkeuler, D.; Takeuchi, O.; Hoffmann, J.A.;
Akira, S.; Boutros, M.; Reichhart, J. Akirins are highly conserved nuclear proteins required for
NF-kB-dependent gene expression in drosophila and mice. Nat. Immunol. 2008, 9, 97-104.



Int. J. Mol. Sci. 2013, 14 3822

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Macqueen, D.J.; Johnston, I.A. Evolution of the multifaceted eukaryotic Akirin gene family.
BMC Evol. Biol. 2009, 9, 34-54.

Man, C.; Li, X.; Lee, J. Molecular cloning, sequence characterization, and tissue expression
analysis of Hi-line brown chicken Akirin2. Protein J. 2011, 30, 471-479.

Chen, X.; Huang, Z.; Jia, G.; Wu, X.; Wu, C. Molecular Cloning, Tissue Distribution and
Functional Analysis of Porcine Akirin2. Anim. Biotechnol. 2012, 23, 124-131.

Zhang, Z.; Li, H.; Wang, W.; Han, L.; Wang, J.; Wu, Y.; Zang, M.; Tai, Y.; Yang, G. Cloning and
tissue expression of porcine Mighty gene. Acta Agric. Jiangxi 2009, 21, 1-4.

Dai, F.; Huang, K.; Liu, H.; Han, C.; Li, L.; Wang, J. Cloning, sequence analysis and specific
expression in different tissues of duck Akirin2 gene. Acta Vet. Et. Zootech. Sinica 2011, 42, 33-38.
Yang, C.; Wang, X.; Wang, L.; Zhang, B.; Chen, S. A new Akirinl gene in turbot (Scophthalmus
maximus): Molecular cloning, characterization and expression analysis in response to bacterial and
viral immunological challenge. Fish Shellfish Immunol. 2011, 30, 1031-1041.

Cao, J.; Liu, C.; Jiang, P.; Zhao, Z.; Chen, X.; Zhang, D. Molecular cloning of porcine Akirin2 gene
and its eukaryotic expression. Chinese J. Vet. Med. 2010, 46, 11-13.

Marshall, A.; Salerno, M.S.; Thomas, M.; Davies, T.; Berry, C.; Dyer, K.; Bracegirdle, J.;
Watson, T.; Dziadek, M.; Kambadur, R.; et al. Mighty is a novel promyogenic factor in skeletal
myogenesis. Exp. Cell Res. 2008, 374, 1013—-1029.

Macqueen, D.J.; Bower, N.L; Johnston, I.A. Positioning the expanded Akirin gene family of
Atlantic salmon within the transcriptional networks of myogenesis. Biochem. Biophys. Res. Commun.
2010, 400, 599-605.

Salerno, M.S.; Dyer, K.; Bracegirdle, J.; Platt, L.; Thomas, M.; Siriett, V.; Kambadur, R.;
Sharma, M. Akirinl (Mighty), a novel promyogenic factor regulates muscle regeneration and cell
chemotaxis. Exp. Cell Res. 2009, 315,2012-2021.

Macqueen, D.J.; Kristjansson, B.K.; Johnston, [.A. Salmonid genomes have a remarkably expanded
Akirin family, co-expressed with genes from conserved pathways governing skeletal muscle
growth and catabolism. Physiol. Genomics. 2010, 42, 134-148.

Kelly, A.D. Characterisation of mighty expression during skeletal muscle regeneration.
Master’s Thesis, the University of Waikato, North Island, August 2006.

Davies, T.J. The characterization and role of mighty during myogenesis. Master’s Thesis,
the University of Waikato, North Island, July 2006.

Sasaki, S.; Yamada, T.; Sukegawa, S.; Miyake, T.; Fujita, T.; Morita, M.; Ohta, T.; Takahagi, Y.;
Murakami, H.; Morimatsu, F.; ef al. Association of a single nucleotide polymorphism in Akirin2
gene with marbling in Japanese Black beef cattle. BMC Res. Notes 2009, 2, 131-135.

Komiya, Y.; Kurabe, N.; Katagiri, K.; Ogawa, M.; Sugiyama, A.; Kawasaki, Y. A novel binding
factor of 14-3-3 beta functions as a transcriptional repressor and promotes anchorage-independent
growth, tumorigenicity and metastasis. J. Biol. Chem. 2008, 283, 18753—18764.

Tzivion, G.; Shen, Y.H.; Zhu, J. 14-3-3 proteins; bringing new definitions to scaffolding. Oncogene
2001, 20, 6331-6338.

van Hemert, M.J.; Steensma, H.Y.; van Heusden, G.P. 14-3-3 proteins: Key regulators of cell
division, signalling and apoptosis. Bioessays 2001, 23, 936-946.



Int. J. Mol. Sci. 2013, 14 3823

24.

25.

26.

27.

28.

29.

30.

31.

32.

McPherron, A.C.; Lawler, A.M.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new
TGF-beta superfamily member. Nature 1997, 387, 83-90.

Langley, B.; Thomas, M.; Bishop, A.; Sharma, M.; Gilmour, S.; Kambadur, R. Myostatin inhibits
myoblast differentiation by down-regulating MyoD expression. J. Biol. Chem. 2002, 277,
49831-49840.

Huang, Z.; Chen, X.; Chen, D. Myostatin: A novel insight into its role in metabolism, signal
pathways, and expression regulation. Cell. Signal. 2011, 23, 1441-1446.

Nowak, S.J.; Aihara, H.; Gonzalez, K.; Nibu, Y.; Baylies, M.K. Akirin links twist-regulated
transcription with the Brahma chromatin remodeling complex during embryogenesis. PLoS Genet.
2012, 8, doi:10.1371/journal.pgen.1002547.

Beauchamp, J.R.; Heslop, L.; Yu, D.S.; Tajbakhsh, S.; Kelly, R.G.; Wernig, A,
Buckingham, M.E.; Partridge, T.A.; Zammit, P.S. Expression of CD34 and Myf5 defines the
majority of quiescent adult skeletal muscle satellite cells. J. Cell Biol. 2000, 151, 1221-1234.
Fukada, S.; Higuchi, S.; Segawa, M.; Koda, K.; Yamamoto, Y.; Tsujikawa, K.; Kohama, Y;
Uezumi, A.; Imamura, M.; Miyagoe-Suzuki, Y.; et al. Purification and cell-surface marker
characterization of quiescent satellite cells from murine skeletal muscle by a novel monoclonal
antibody. Exp. Cell Res. 2004, 296, 245-255.

Epting, C.; Lopez, J.; Shen, X.; Liu, L.; Bristow, J.; Bernstein, H.S. Stem cell antigen-1 is necessary
for cell-cycle withdrawal and myoblast differentiation in C2C12 cells. J. Cell Sci. 2004, 117,
6185-6195.

Mitchell, P.; Mills, T.; O'Connor, R.; Kline, E.R.; Graubert, T.; Dzierzak, E.; Pavlath, G.K. Sca-1
negatively regulates proliferation and differentiation of muscle cells. Dev. Biol. 2005, 283,
240-252.

Wilson, E.M.; Hsieh, M.M.; Rotwein, P. Autocrine growth factor signaling by insulin-like growth
factor-1I mediates MyoD-stimulated myocyte maturation. J. Biol. Chem. 2003, 278, 41109—41113.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



