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Abstract

The sine oculis homeobox | (Six) gene encodes an evolutionarily conserved transcription factor. In
the past two decades, much research has indicated that Six| is a powerful regulator participating in
skeletal muscle development. In this review, we summarized the discovery and structural char-
acteristics of Six/ gene, and discussed the functional roles and molecular mechanisms of Six/ in
myogenesis and in the formation of skeletal muscle fibers. Finally, we proposed areas of future

interest for understanding Six/ gene function.
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Introduction

The sine oculis homeobox 1 (Six1) gene, a homo-
logue of the Drosophila sine oculis (So) gene, belongs to
the Six gene family; in vertebrates, in total of six
members have been identified and which have been
classified into three subgroups, Six1/Six2, Six3/Six6,
and Six4/Six5 [1]. To date, Six family genes have been
identified in species ranging from lower invertebrates
(e.g., nematodes, planarians and cnidarians) to higher
mammals (e.g., human, mouse, rat and pig) [2]. Nu-
merous studies have demonstrated that Six family
genes play important role in organogenesis [3-7] and
diseases [8]. Among of the Six family genes, SixI has
been shown to play a pivotal role in skeletal muscle
development [3, 9, 10].

Here, we reviewed the discovery and structural
characteristics of the Six1 gene and then comprehen-
sively summarized its functional roles and regulatory
mechanisms in skeletal muscle development and the
formation of skeletal muscle fibers. Finally, we pro-
posed areas of key interest for future work.

Discovery of the Six1 gene

The chronology of Six1 discovery in different
species is shown in Table 1. The first Six family gene,
Drosophila sine oculis (So), was cloned from Drosophila
melanogaster in 1994, and was demonstrated to play an
essential role in the development of the visual system
[11, 12]. One year later, three homologues of So (Six1,
Six2, and Six3) were identified in mouse and were
mapped to chromosome 12, 17 and 17, respectively
[13, 14]. Moreover, a comprehensive analysis of the
expression patterns of these homeobox genes during
early mouse embryonic development was also con-
ducted. At approximately E8.2, Six3 is restricted to the
anterior neural plate with stronger expression signal,
but its expression is shown to exist in developing eye,
brain, and sensory regions as development proceeds
[13]. By contrast, much broader and distinct expres-
sion patterns are observed for Six1 and Six2. Six1 is
shown to express in mesodermally derived tissues
skeletal muscle, as well as in dorsal root ganglia and

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10

984

Rathke’s pouch, while Six2 is found to express in vis-
ceral smooth muscle, metanephros, genitalia and
hindbrain [14].

The Six1 gene was first isolated in humans in
1996 and localized to human chromosome 14 [15].
Subsequently, SixI1 gene has been identified and
characterized in diverse species, including the verte-
brates pig [16], chicken [17], Xenopus [18], zebrfish
[19, 20], and the invertebrates jellyfish [21]. In addi-
tion to Six1, other homologues of the Drosophila sine
oculis (So), such as Six2, Six3, Six4, Six5 and Six6 also
have also been identified in a wide range of organisms
throughout the animal kingdom [2].

Table 1. Discovery of the Six/ gene in different species.

Species Tissues for function Year Reference
Drosophila mela-  Entire visual system 1994 (Cheyette et al., 1994;
nogaster Serikaku and Otousa,
1994)
Mouse Mesodermally derived 1995 (Oliver et al., 1995a;
tissues, e.g. skeletal muscle Oliver et al., 1995b)
Human Adult skeletal muscle 1996 (Boucher et al., 1996)
Chicken Eye 1996 (Bovolenta et al., 1996)
Xenopus Cranial ganglia, otic 2001 (Ghanbari et al., 2001)
placodes and the eyes
Zebrfish Sensory organs and muscle 2004 (Bessarab et al., 2004;
Bessarab et al., 2008)
Jellyfish Eyes 2004 (Stierwald et al., 2004)
Pig Skeletal muscle 2011 (Wuet al., 2011)

Structural characteristics of the Six1 pro-
tein

The Six protein family is a crucial developmental
regulator involved in the formation of various organs,
including muscle, eye, and kidney [3, 7, 10, 22-24]. As
a member of the Six protein family, Six1 is character-
ized by two conserved domains, the homeodomain
(HD) and the Six domain (SD) [1]. Based on amino
acid sequence similarities of the conserved HDs and
SDs, Six proteins can be subdivided into three major
subgroups: Six1/2 (sine oculids), Six3/6 (optix) and
Six4/5 (Dsix4) [25]. The detailed sequence similarity
and phylogenetic relationships of the Six gene family
members are discussed by Kumar et al [2].

In general, the HD is composed of a 180 nucleo-
tide motif encoding 60 amino acids, while the SD is
composed of 110-150 amino acids [1, 2]. Early studies
demonstrated that the HD is indispensable for DNA
binding [26-30], which remains consistent with more
recent research [31, 32]. Initial studies suggested that
the SD might contribute to the DNA binding, because
the minimal essential region of AREC3 (Six4) for the
sequence-specific binding is localized at leucine 91 to
aspartic acid 215, which covers part of the SD amino
acid sequence [27]. However, a recent study found

that the DNA binding properties of Six proteins are
mainly due to the HD, and that the adjacent
C-terminal region appears to increase the binding
affinity of the HD to DNA; By contrast, the SD does
not possess the characteristics of a DNA binding do-
main due to lacking the basic N-terminal arm, which
is critical for canonical homeodomain-DNA binding
[31].

Early studies indicated that the protein-protein
interactions depend primarily upon the SD of the Six
proteins [33, 34]. Further studies provided evidences
that the SD is necessary to specific binding to protein
partners and that the specificity in partner selection is
crucial to the role of each protein [35]. Most recently,
Six1 was shown to predominantly use a single helix to
interact with EYA, and the mutation of a single amino
acid in the helices of the HD or SD is sufficient to
disrupt their interaction [36]. In addition, recent re-
search found that the non-conserved C-terminal re-
gion of the Six proteins make important contributions
to the functional specificity of the different Six pro-
teins [37]. Thus, the conserved HD and SD are essen-
tial for Six proteins to perform their functions.

The role of Six1 in the genesis of the
muscle cell lineage

The initiation of skeletal myogenesis occurs
during embryogenesis and is an extremely complex
and successive process, which involves the genesis,
delamination and migration of muscle progenitors,
followed by myoblast determination, proliferation
and differentiation (Figure 1). The paraxial mesoderm
of embryo segments develops into somites. The dorsal
part of the somite (the dermomyotome) produces
muscle progenitor cells that undergo delamination,
migration, and reach to the sites of muscle formation,
where they transform into myogenic regulatory factor
(MRF)-expressing myoblasts, undergo proliferation
and differentiation, and subsequently fuse to form
myofibers and finally form the muscles of the body
and limbs [38].

Six1 is a critical factor in the genesis of muscle
progenitors. The myogenic progenitor cells in the limb
buds of Six1-/-Six4-/- mouse embryos are lost and the
expression of Pax3 in the hypaxial dermomyotome is
lacking [9, 39]. Notably, Pax3 is indispensable for the
genesis of muscle progenitors because hypaxial mi-
grating muscle progenitors are lacking in the Pax3-/-
mouse embryo [40]. Further studies directly demon-
strated that Pax3/Pax7 is molecular mark of muscle
progenitors that subsequently become myogenic and
form skeletal muscle [41, 42]. These data suggest that
Six1 (or Six4) is an upstream regulatory factor of Pax3
and is essential for the genesis of muscle progenitors
(Figure 1A). The most study in zebrafish showed that
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Six1 (Sixla and Six1b) can promote the proliferation of
Pax7*muscle progenitors cells in the dermomyotome
via phosphorylated Smadl/5/8 [43]. Furthermore,
the Wnt signaling factors are important for the induc-
tion of myogenesis in the myotome (the first muscle
mass ventral to the dermomyotome) of the embryo,
and these Wnt signaling factors can activate the ex-
pression of Six1, Pax3 and Mox1 via p-catenin in vitro.
These results suggesting the Wnt signaling factors lie
genetically upstream of Six1, Pax3, and Mox1 [44]. In
addition, Six1 frequently interacts with other factors,
including Eya2/Dach2 [45] and Ski/Eya3 [46], to exert
its function in embryonic skeletal myogenesis, and a

(A)

Genesis of muscle
progenitors in the
dermomyotome

Delamination and
migration of muscle
progenitors

reciprocal regulatory mechanism has been verified
between Six1 and Pax3 [9, 47]. Although great pro-
gress has been made in understanding the mecha-
nisms underlying the genesis of muscle progenitors,
more detail about these regulatory pathways remains
to be identified.

Pax3 plays a pivotal role in the delamination and
migration of muscle progenitors and this biological
process depends on the presence of the tyrosine ki-
nase receptor c-Met, its ligand scatter fac-
tor/hepatocyte growth factor (SF/HGF) [38, 48-51],
and the homeobox factor Lbx1 [52, 53]. The Gabl
adaptor molecule mediates the delamination, migra-
tion and survival of muscle progenitor
cells, in part by transmitting c-Met sig-
nals (Sachs et al. 2000). During the de-
lamination and migration of muscle
progenitors, the homeobox factor Msx1
acts as an antagonist of Pax3 by inter-
fering with DNA binding by Pax3 [54],
and Six1 transcriptional complexes are
likely to be upstream positive regulators
of Pax3 (Figure 1B).

For the determination, prolifera-
tion, and differentiation of the muscle
lineage (Figure 1C), MRFs are consid-
ered to be myogenic determination fac-
tors that commit muscle progenitors to
the myogenic fate [38, 55]. The expres-
sion of Six1 and Pax3 factors occurs prior
to MRFs in embryonic skeletal myogen-
esis and further studies have found that
these two factors directly control MRFs
expression [46, 56-58]. These data
strongly suggest that the Six1 and Pax3
are indispensable for this process.

Myoblast
determination,
proliferation and
differentiation

Figure |. Molecular mechanisms of embryonic skeletal myogenesis. (A) Schematic representa-
tion of the underlying genetic hierarchy that controls the genesis of muscle progenitors in the dermo-
myotome. (B) Schematic representation of regulatory mechanisms that control the delamination and
migration of muscle progenitors. (C) Schematic representation of regulatory mechanisms that control the
determination, proliferation, and differentiation of myoblasts. During embryonic skeletal myogenesis, Six|
shows robust function across the entire embryonic developmental stages and may synergize with other
co-factors, including Eyal[70], Eya2/Dach2 [45] and Ski/Eya3 [46], to exert its function. Of interest, a
feedback regulatory loop exists among Six |, Pax3, and MyoD [9, 47, 62]. In addition, many other factors are
also involved in embryonic skeletal myogenesis. Detailed information can be found in the text.

Although a great deal of research
has documented that MRFs are the direct
targets of Six1 and Pax3 [3, 9, 56-60], an
early study found that MyoD efficiently
upregulates expression of Six1 [61]. A
recent study also provided strong evi-
dence that MyoD promotes determina-
tion of the skeletal muscle lineage by
directly binding and activating multiple
pre-myogenic mesoderm factors, in-
cluding Six1, Pax3/7, Eya2, and Meox1
[62]. These results suggest that a feed-
back regulatory loop may exist between
MyoD and Sixl, Pax3 or other
pre-myogenic mesoderm factors (Figure
1C), and other MRFs may possess regu-

latory mechanisms similar to MyoD.
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Role of Six1 in adult skeletal muscle de-
velopment

An initial study did not conclude that Six1 is a
critical factor for skeletal muscle development since
its expression is not restricted to the muscles, even
though it is weakly expressed in skeletal muscles from
E13.5 to E16.0 [14]. A subsequent study showed that
Six1 was exclusively expressed in human adult skel-
etal muscle [15], which is consistent with our recent
observation that SixI is highly expressed in primarily
in skeletal muscles in pigs [16]. Activated satellite cells
are able to promote the regeneration of adult skeletal
muscle, and new studies have shown that Six1 is
clearly expressed in activated satellite cells [43, 63, 64].
These results suggest that Six1 not only play an im-
portant role in embryonic skeletal myogenesis, but
also in adult muscle regeneration.

Previous genetic experiments also demonstrated
that late skeletal muscle may depend upon the Six1
gene. In 2003, Laclef et al. generated SixI-deficient
mice by replacing the conserved functional domains
(HD and SD) regions of the Six1 gene using a homol-
ogous recombination approach. These Six1+ trans-
genic mice die at birth due to extensive muscle hypo-
plasia and severe rib malformations [3]. Moreover,
Six4 was also shown to play an important role in
myogenesis, and Six1 and Six4 have a functional re-
dundancy since embryos of Six17Six-47 double KO
mice show more severe muscle phenotypes than the
Six17 embryos [9]. In fact, the functional redundancy
between Six1 and Six4 is strongly supported by sev-
eral studies. First, Six1 and Six4 show almost identical
expression patterns, and both gene products can ac-
tivate the myogenin promoter [65]. Second, Six1 and
Six4 regulate the same target genes; both Six1 and Six4
activate the myogenetic regulatory transcription fac-
tors myogenin and Myfs through specific binding to
the MEF3 sites in their promoters [57, 58]. However,
Six1 may play a more important role in skeletal mus-
cle development than Six4 because Six4-deficient mice
do not display abnormal phenotypes in skeletal mus-
cles development in embryos or adults [66]. In addi-
tion, Six5 has also been shown to take part in myo-
genesis [67] and activates myogenin through specific
binding to the MEF3 site in the promoter [57, 65].
However, mice lacking Six5 show normal develop-
ment and no muscle defects [68], indicating that Six5
may compensate, but not substitute Six1 or Six4 func-
tion in skeletal muscle development.

As mentioned above, the regulation of the skel-
etal muscle development by Six1 is the result of acti-
vating myogenin and Myfb expression by binding to
the MEFS3 sites in the promoters of these genes [57, 58].
An in vitro study found that activation of the MEF3

site is required, at least in part, for the interaction of
Ski with Six1 and Eya3 [46]. In fact, the interactions
between the Eya and Six proteins have been observed
in previous studies [65, 69]. Myogenesis is synergis-
tically regulated by Dach2, Eya2 and Six1 in the so-
mites of the embryo [45], while an analogous syner-
gistic regulation relationship is also observed between
Six1 and Eyal in the transformation of adult skeletal
muscle fibers [70]. Moreover, a recent report indicates
that the activation of myogenin depends on a demeth-
ylated promoter which is more conducive to binding
of the transcription factor Six1 and MEF2 [71].

In addition, a recent study shows that Six1 con-
tributes to the regeneration of adult muscle by en-
hancing and maintaining MyoD expression in adult
muscle satellite cells and that MyoD expression also
depends on the MEF3 site within the core enhancer
CER of MyoD [63]. Interestingly, the same feedback
regulatory mechanism seems to exist between Six
proteins and MRFs because MyoD is able to promote
the transformation of multipotent stem cells to skele-
tal muscle by binding and activating the expression of
a subset of pre-myogenic mesoderm genes, including
Six1, Pax3/7, Eya2, and Meox1 [62] .

Pax3 is an upstream regulator of the myogenic
transcription factors MyoD, Myf5 and myogenin [47,
56, 60]. Interestingly, Pax3 seems to be upstream fac-
tor of Six1 because overexpression of Pax3 in stem
cells is sufficient to initiate myogenesis by promoting
Six1, Mox1, and Eya2 expression [47]; Pax3 expression
is not influenced in Six17 embryos; and delamination
and migration of Pax3 positive cells is normal [3]. By
contrast, the expressions of Pax3, and its downstream
genes Lbx1 and Met, are lost in the hypaxial dermo-
myotome of the Six17/-Six47- double mutant mice [9],
which indicates that Six1 is the upstream regulatory
factor of Pax3. One explanation for these contradictory
conclusions is that a regulatory feedback loop may
exist between Six1 and Pax3, and which one acts as
the upstream factor may depend on different devel-
opmental stages or distinct physiological states.

Role of Six1 in the formation of skeletal
muscle fibers

Initial studies concentrated on the role of Six1 in
muscle development, rather than the formation of
skeletal muscle fibers. Interestingly, in 2004, Grifone
et al. reported that Six1 is able to drive the transfor-
mation of slow-twitch fibers to the fast-twitch phe-
notype in synergy with its cofactor Eyal in adult
muscles of mice [70]. Thus, the Six1/Eyal complex
was the first transcriptional complex identified to
modulate the fast-twitch glycolytic phenotype of
adult skeletal muscle.
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Subsequently, more investigations focused on
the functional role of Six1 in the formation of skeletal
muscle fibers. In zebrafish, Bessarab et al. identified
two Six1 homologues, Sixla and Six1b, and found that
Six1la is expressed in the fast muscle precursor region
of the somite, while the loss of Six1a led to a reduction
of myogenin in fast muscle precursors, suggesting
that Sixla is essential for the onset of fast muscle dif-
ferentiation [19]. Moreover, Maire” group conducted
in-depth studies on the role of Six1 in the formation of
skeletal muscle fibers using the Six1~/-/Six4/- mice,
their results indicate that the Six1 and Six4 proteins
are involved in the genesis of muscle fiber-type di-
versity during mouse embryogenesis and are required
for the activation of the fast muscle program in the
mouse primary myotome by up-regulating expression
of a set of fast muscle genes, including Myh2, Tnnc2,
Tnnt3, Atp2al, and Stl genes etc [10, 72] (Figure 2). In
2011, our group cloned the porcine Six1 gene and de-
scribed its expression patterns in skeletal muscles
with different fiber types. SixI is expressed at higher
levels in fast-twitch muscle fibers than in slow-twitch
muscle fibers [16]. Furthermore, we overexpressed the
Six1 gene in C2C12 cells and found that the expression
of multiple fast-type muscle genes are promoted by
Six1 expression, in particular, Atp2al, Srl and Mylpf
[73]. In addition, a recent study in zebrafish found
that Sixla and Six1b not only regulate the prolifera-
tion and differentiation of Pax7* muscle progenitor
cells, but also are essential for fast muscle develop-

Fast muscle genes

A
' =\
Pvalb, Nosl, Pgam2, Casq1,
Hrc, Actn3, Myoz1,Tnni2,
Myh2, Agp4, Sicléa3, Tnnc2,
Tnnt3, Atp2ai, Eno3, Mycpf,
Myit, Srl.. ...

|

Fast muscle program

ao.o-nao-oulcon-u.c..c.--c.-;-.---.o--ao.c-u.c.--n---n-.-no.-.-.o.----

Adult fast-twitch skeletal

Other muscle genes

ment. Sixla and Six1b are expressed in fast muscle
progenitors but are absent in slow muscle progenitors
and the fast muscle domain is significantly reduced in
the Sixla or Sixlb knock-down embryos [43]. More
recently, in zebrafish, O’Brien et al. found an up-
stream microRNA regulatory mechanism of Six1 that
miR30a directly regulate myogenesis via inhibiting
Sixla/b expression [74].

Sox6 is a transcriptional repressor of slow fi-
ber-specific genes, but acts as an upregulator of fast
fiber-specific expression [75-77]. HDAC4 also re-
pressed MEF2-dependent slow-type muscle gene ex-
pression [78, 79]. Moreover, and in vitro myogenic cell
culture experiment showed that Wnt4 promoted
fast-type muscle differentiation [80]. Notably, in the
remaining muscles of Six1/Six4 double mutant fe-
tuses, Hrasls and Whnt4 expression is severely down-
regulated, and HDAC4 protein accumulation levels
and Sox6 subcellular localization are altered, which
suggests the occurrence of crosstalk between fast- and
slow-type muscle gene expression mediated by Six
transcriptional complexes (STC) (Figure 2). Thus, Six1
plays a critical role not only in skeletal muscle de-
velopment, but also in the genesis of muscle fiber-type
diversity during embryonic development and in the
transformation of muscle fibers from one type to the
other in the adult skeletal muscle development. The
potential regulatory mechanisms are shown in Figure
2.

(e Sox6 )

Slow

>—| muscle

genes

Slow muscle program

sssssscsssssssfensse

Adult slow-twitch skeletal

muscle fibers

muscle fibers

Figure 2. Regulatory mechanisms controlling the formation of fast-twitch muscle fibers. During embryogenesis, Six| transcriptional complexes (STC) promote the
fast-twitch muscle phenotype by directly controlling the expression of a set of fast muscle genes; Simultaneously, STC is also able to activate inhibitors of slow muscle genes, such
as Soxé, Hrasls, and HDACH4, thereby restricting the activation of the slow muscle genes, and ultimately inhibiting the slow-twitch muscle phenotype [10, 19, 72]. In addition, the
STC can drive the transformation of slow-twitch muscle fibers to fast-twitch muscle fibers in adult skeletal muscles [70].
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Conclusions and prospects

As highlighted in this review, Six1 is a critical
transcription factor in skeletal muscle development,
participating in the genesis of muscle progenitors in
embryogenesis, as well as skeletal muscle develop-
ment from embryo to adulthood and in the transfor-
mation of skeletal muscle fiber types. The molecular
regulatory mechanisms underlying skeletal muscle
development have gradually become clear, but some
unknown complex regulatory processes still need to
be identified. In humans, Six1 plays an important role
in skeletal muscle development, and thus, Six1 is
likely to have great potential as therapeutic target for
treating myopathies, despite great challenges that
remain to be conquered.

In livestock, skeletal muscle is the main compo-
nent of meat and the growth of skeletal muscle is a
major factor affecting overall growth. Therefore, Six1
could be a candidate gene target to be investigated for
the manipulation of livestock growth. Moreover,
skeletal muscles are composed of different muscle
fibers that display different metabolic, contractile and
endurance properties, and the differences in muscle
fiber type is one of the critical factors that determine
meat quality. Thus, deeper understanding of the
functional roles of Six1 in the formation of skeletal
muscle fibers would further elucidate the molecular
regulatory mechanisms influencing meat quality.
Therefore, it would be of interest in future work to
investigate the relationship between the Six1 gene and
the production performance of livestock animals, es-
pecially in regard to meat quality traits.
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