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a  b  s  t  r  a  c  t

In  metazoa,  SOX  family  transcription  factors  play many  diverse  roles.  In vertebrate,  they  are  well-known
regulators  of numerous  developmental  processes.  Wide-ranging  studies  have  demonstrated  the  co-
expression  of  SOX  proteins  in various  developing  tissues  and  that they  occur  in  an  overlapping  manner
and  show  functional  redundancy.  In  particular,  studies  focusing  on  the  HMG  box  of  SOX  proteins  have
revealed  that  the  HMG  box  regulates  DNA-binding  properties,  and  mediates  both  the  nucleocytoplasmic
shuttling  of  SOX  proteins  and  their  physical  interactions  with  partner  proteins.  Posttranslational  modi-
fications  are  further  implicated  in the  regulation  of  the  transcriptional  activities  of  SOX  proteins.  In this
review,  we  discuss  the  underlying  molecular  mechanisms  involved  in the SOX-partner  factor  interactions
and the  functional  modes  of  SOX-partner  complexes  during  development.  We  particularly  emphasize  the
representative  roles  of the  SOX  group  proteins  in major  tissues  during  developmental  and  physiological
processes.

©  2015  Elsevier  GmbH.  All  rights  reserved.
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Introduction

In 1990, the Sry gene, the sex-determining region of the
Y-chromosome, was first discovered in humans and mice as a
testis-determining gene (Gubbay et al., 1990; Sinclair et al., 1990).
The identification and homology-based analysis of the HMG  (high
mobility group) DNA-binding domain of SRY led to the discovery
of the SOX transcription factor family. In vertebrates, this fam-
ily comprises of more than 20 Sox genes which originate through
a process of duplication and divergence (Koopman et al., 1991;
Bowles et al., 2000). Evidence from gain-of/loss-of-function stud-
ies in Sox genes, relating to many diverse developmental processes
in humans, mice and other vertebrates, reveal that Sox genes play
important roles in tissue homeostasis, organogenesis, cell fate deci-
sion in many developmental processes from embryonic through
to adult stages (Kamachi et al., 2000; Kamachi and Kondoh, 2013;
Sarkar and Hochedlinger, 2013).

SOX proteins are characterized by the evolutionarily conserved
HMG box which is a 79-amino-acid DNA-binding motif (Štros et al.,
2007). The HMG  box mediates the DNA-binding properties of SOX
proteins on a common consensus site, (A/T)(A/T)CAA(A/T)G but
with different levels of efficiency (Wegner, 2010). The HMG box of
SOX proteins harbors two independent nuclear localization signals
(NLSs) and one leucine-rich nuclear export signal (NES), which reg-
ulate the dynamic nucleocytoplasmic shuttling of SOX proteins and
result in the diverse subcellular distribution of SOX proteins during
development (Südbeck and Scherer, 1997; Gasca et al., 2002; Malki
et al., 2010).

During development, the transcriptional activities of SOX pro-
teins are regulated via multiple genetic pathways. The three
major aspects of such regulation are as follows: (1) Regulation of
the expression levels of SOX proteins in specific cell types and
tissues and at precise timings within a series of major devel-
opmental stages (Kamachi and Kondoh, 2013); (2) Regulation of
posttranslational modification of SOX proteins, altering their trans-
activation/transrepression properties to various extents (Bernard

and Harley, 2010); (3) Regulation of recruited partner proteins
which not only influence the specific recognition of the bind-
ing sites of SOX-partner complexes on the target genes, but
also determine transcription activities and significantly enhance
the activation/repression potential (Kamachi and Kondoh, 2013;
Wilson and Koopman, 2002).

In this paper, we  review the overlapping and diverse expression
patterns of the Sox gene family in their representative organs and
elucidate the functions of the HMG  box in the dynamic nucleocy-
toplasmic shuttling of SOX proteins during diverse cellular events.
Recent findings on the posttranslational modifications of SOX pro-
teins, including phosphorylation, acetylation, SUMOylation and
ubiquitination are described, all of which influence the transcrip-
tional activities of SOX transcription factors at the protein level.
The physical interactions of SOX-partner proteins and the under-
lying mechanisms of SOX-partner complexes during development
are also particular focus. The crucial developmental roles of SOX
proteins during central nervous system development, retinal devel-
opment, chondrocyte differentiation, primary sex determination
and cardio-vascular system development are also reviewed.

Groups and structures of SOX proteins

SRY was the founding member of the SOX protein family. It
was discovered in the smallest region of the Y chromosome, a
region associated with primary male sex determination and sub-
sequent testis development (Gubbay et al., 1990; Sinclair et al.,
1990; Koopman et al., 1991; Sekido and Lovell-Badge, 2008a,b).
Sry encodes a transcription factor with an evolutionarily conserved
high mobility group (HMG) domain of 79 amino acids, a domain
found in all eutherian and marsupial mammals examined to date
(Kashimada and Koopman, 2010; Sekido and Lovell-Badge, 2013).
Several lines of phylogenetic analysis coincide with the evolution-
ary origin of Sry and suggest it diverged from the ancestral Sox3
during the early evolution of mammals (Stevanović  et al., 1993;
Katoh and Miyata, 1999; Nagai, 2001). A recent study by Sato
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