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Abstract

Sox5, Sox6, and Sox13 constitute the group D of sex-determining region (Sry)-related transcription
factors. They are highly conserved in the family-specific high-mobility-group (HMG) box DNA-
binding domain and in a group-specific coiled-coil domain. The latter mediates SoxD protein
dimerization and thereby preferential binding to pairs of DNA recognition sites. The SoxD genes
have overlapping expression and cell-autonomously control discrete lineages. Sox5 and Sox6
redundantly enhance chondrogenesis, but retard gliogenesis. Sox5 hinders melanogenesis, promotes
neural crest generation, and controls the pace of neurogenesis. Sox6 promotes erythropoiesis, and
Sox13 modulates T cell specification and is an autoimmune antigen. SoxD proteins enhance
transactivation by Sox9 in chondrocytes, but antagonize Sox9 and other SoxE proteins in
oligodendrocytes and melanocytes, and also repress transcription through various mechanisms in
several other lineages. While their biological and molecular functions remain incompletely
understood, the SoxD proteins have thus already proven that they critically modulate cell fate in
major lineages.
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Introduction

The Sox family is comprised of 20 genes. These genes encode transcription factors with a high-
mobility-group (HMG) box DNA-binding domain highly similar to that of the sex-determining
region (Sry) protein. According to sequence identity inside and outside this domain, the Sox
genes are classified into 8 groups, A to H. This review focuses on the SoxD group, which is
composed of 3 genes - Sox5, Sox6, and Sox13 - in most vertebrates, and 1 gene in the D.
melanogaster fly (Sox102F) and other invertebrates. We summarize and evaluate current
knowledge on the unique properties and biological roles of the vertebrate SoxD proteins. This
review is part of a special journal issue on Sox transcription factors, and we therefore
recommend readers to consult accompanying reviews for complementary information on
general properties of Sox proteins and on specific properties of other Sox proteins and
invertebrate SoxD proteins.
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Structure and molecular function

Like most Sox genes, Sox5, Sox6, and Sox13 were cloned in the 90's through searches for Sry-
related genes (Denny et al., 1992; Connor et al., 1995; Takamatsu et al., 1995; Kido et al.,
1998; Roose et al., 1998). Their gene and protein structures are highly identical to each other,
but they are related to other Sox genes and proteins only in the HMG box. The human SOX5
and SOX6 genes are located in paralogous chromosomal regions on 12p12.1 and 11p15.3-15.2,
respectively, and are more closely related to each other than to SOX13, located on 1g32. The
3 genes have 12-16 coding exons. They are spread across 300-400kb of genomic DNA in the
case of SOX5 and SOX6, but across 12kb only in the case of SOX13.

With molecular weights of 48 to 89kDa, the SoxD proteins are among the largest Sox proteins
(Fig. 1). They harbor two highly conserved functional domains. The family-specific HMG box
DNA-binding domain is located in the C-terminal half of the proteins. It is 87% identical among
all human and mouse SoxD proteins, and less than 60% identical to that of other Sox proteins.
The other domain is a group-specific coiled coil. It is located in the N-terminal half of the
proteins, and is 76% identical among all human and mouse SoxD proteins. The proteins display
only short stretches of identity outside these two domains. Both Sox5 and Sox6 are expressed
as short transcripts (2 and 3kb, respectively) in adult testis and as long transcripts (6 and 8 kb,
respectively) in other tissues. Both Sox6 transcripts appear to encode the full-length protein,
but the short Sox5 transcript encodes a protein isoform that lacks the N-terminal half of the
full-length protein. This protein was the first to be discovered, and was thus named Sox5. The
full-length protein was originally named L-Sox5 or Sox5-L (Lefebvre et al., 1998;Hiraoka et
al., 1998), but for simplicity most authors have referred to it as Sox5. We therefore propose
that this latter appellation be consistently adopted in future references, not only for simplicity,
but also because this long Sox5 isoform is structurally and functionally equivalent to Sox6 and
Sox13.

The SoxD HMG box domain preferentially binds DNA sequences featuring an AACAAT motif
in electrophoretic mobility shift assay (EMSA) in vitro (Connor et al., 1994). The coiled-coil
domain mediates homodimerization as well as heterodimerization of the SoxD proteins with
each other (Lefebvre et al., 1998). It blocks binding of the full-length proteins to single
recognition sites (Takamatsu et al., 1995; Roose et al., 1998), but strongly enhances binding
to pairs of recognition sites (Lefebvre et al., 1998). The proteins efficiently bind in vitro and
in vivo to sites harboring one or two mismatches in the preferred site. Moreover, they have
little predilection for the relative orientation of the paired sites and for the length of the
intervening sequence, from 0 to at least 19bp (Han and Lefebvre, 2008). They are thereby more
flexible than Sox9 and other Sox proteins in choosing DNA sequences. Taking such flexibility
into account, putative SoxD binding sites can be found in virtually any promoter or DNA
regulatory region. It is therefore mandatory that solid experimentation be performed to
ascertain such sites as actual targets of SoxD proteins in vivo.

The SoxD proteins have no known transactivation or transrepression domain, but they do
participate in transcriptional activation and repression (Fig. 2). For instance, Sox5 and Sox6
synergize with Sox9 in activating many chondrocyte-specific extracellular matrix genes
(Lefebvre et al., 1998;Han and Lefebvre, 2008). They bind to sites distinct from those of Sox9
on enhancers in these genes, and facilitate Sox9 DNA binding through an as yet unknown
mechanism. In contrast, Sox5 and Sox6 interfere with the activation of myelin genes by Sox9
and Sox10 in oligodendrocytes and with the activation of the Mitf and Dct marker genes by
Sox10 in melanocytes (Stolt et al., 2006 and 2008). They do so by competing with these proteins
for binding to Sox recognition sites in the promoter of differentiation markers, and they thereby
block transactivation. Sox6 also represses expression of embryonic globin genes in erythroid
cells by binding to consensus sites in their proximal promoter (Yi et al., 2006). Sox5 and Sox6
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have been shown in vitro to be able to induce transrepression by directly binding to the CtBP2
co-repressor and histone deacetylase Hdacl (Murakami et al., 2001;lguchi et al., 2007;Stolt et
al., 2008). Sox6 and Sox13 have also been shown in vitro to be able to block canonical Wnt
signaling in T cells and pancreatic beta-cells, respectively, but through different mechanisms
(lguchietal., 2007;Melichar etal., 2007). While Sox6 can physically interact with beta-catenin,
Sox13 can physically interact with the Tcf1 transcription factor. These data thus show that the
SoxD proteins can act as either positive or negative modulators of transcription and might do
so through various mechanisms. In vivo confirmation of some of these mechanisms and
additional biochemical studies are needed to fully uncover the mechanisms underlying these
activities. Additional studies are also needed to elucidate whether the differential activities of
the SoxD proteins are dictated primarily by the nature of each specific target gene or by the
molecular context characterizing each specific cell lineage.

Expression and regulation

Like most Sox genes, each SoxD gene is expressed in a limited subset of cell types. Both
Sox5 and Sox6 are highly expressed in spermatids, neurons, oligodendrocytes, and
chondrocytes (Denny et al., 1992; Connor et al., 1995; Lefebvre et al., 1998; Stolt et al.,
2006). Sox5 and Sox13 are co-expressed in pancreatic epithelial cells (Lioubinski et al.,
2003). Sox5 alone is expressed in melanoblasts (Stolt et al., 2008), Sox6 in erythroid cells
(Dumitriu et al., 2006; Yi et al., 2006) and skeletal myoblasts (Hagiwara et al., 2005), and
Sox13 in arterial walls, kidney, and liver (Roose et al., 1998). The mechanisms underlying
these specific expression patterns of the SoxD genes are virtually unknown. Sox5 and Sox6 are
co-expressed with SoxE genes in chondrocytes, oligodendrocytes, and melanocytes, and
require these genes for expression, but it is not known whether the SoxE proteins directly
activate the SoxD genes. Similarly, data regarding the possibility that the SoxD proteins are
controlled at the translational and post-translational levels are still missing. The proteins are
nuclear in all cells that expressed their RNA, ruling out all but little regulation at the
translational and nuclear translocation levels. Important directions of future research are thus
to uncover the mechanisms whereby the SoxD genes and their protein products are regulated.

Biological function

Key biological functions for the SoxD genes have been revealed through gene inactivation in
the mouse. The first function to be discovered was that of Sox5 and Sox6 in chondrogenesis
(Smits et al., 2001). Inactivation of Sox5 causes respiratory distress leading to death upon birth
due to a cleft secondary palate and small thoracic cage, whereas inactivation of Sox6 is only
occasionally lethal at birth, and skeletal defects are limited to a short sternum. Double
inactivation of the genes, in contrast, is lethal 3 days before birth, apparently due to circulatory
failure. The embryos have chondrocytes, but the cells fail to overtly differentiate and
proliferate. Skeletal growth and ossification are thus severely impaired. As mentioned earlier,
a main function for Sox5 and Sox6 in chondrocytes is to boost the ability of Sox9 to activate
major chondrocyte markers. Sox5 and Sox6 also have redundant roles in oligodendrocytes, but
their roles are very different from those in chondrocytes, as they repress specification and
terminal differentiation, and influence migration patterns (Stolt et al., 2006). Their mechanism
of action is also different, as they directly interfere with, rather than enhance, SoxE-mediated
gene activation.

As expected from their expression pattern, each SoxD gene also has non-redundant functions.
Sox5 is dispensable for melanogenesis, but its loss partially rescues the strongly reduced
melanoblast generation and marker gene expression occurring in Sox10 heterozygous mice
(Stolt et al., 2008). Sox5 recruits CtBP2 and HDAC1 and binds to the regulatory regions of
Sox10 target genes, thereby directly inhibiting Sox10 activity. Sox5 also ensures proper
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development of specific neuronal cell types by controlling the timing of critical cell fate and
differentiation decisions (Kwan et al., 2008; Lai et al., 2008). It acts at least in part by directly
binding and downregulating such genes as Fezf2 and Bcl11b. Finally, Sox5 overexpression
studies in the chick embryo have suggested that Sox5 may also promote generation of the neural
crest (Perez-Alcala et al., 2004).

Sox6 has key roles in definitive erythropoiesis. It directly contributes to repress embryonic
globin genes (Yi et al., 2006). It also promotes cell survival and proliferation in synergy with
erythropoietin signaling and acts beyond erythropoietin signaling to facilitate erythroid
maturation (Dumitriu et al., 2006). Sox6-null mice have been shown to develop cardiac
conduction problems soon after birth (Hagiwara et al., 2000). This phenotype is likely
responsible for their failure to thrive and their death in the second or third week of age. Sox6
facilitates cardiac and skeletal muscle differentiation, namely by ensuring proper switch from
slow to fast skeletal muscle fibers in late fetuses (Hagiwara et al., 2005).

Sox13-null mice are born alive and show no overt defects, but they rapidly develop severe
growth abnormalities (Melichar et al., 2007). The reason is yet unknown. The analysis of
fetuses with Sox13 gain-of-function and loss-of-function mutations has revealed that Sox13
plays a critical role in the emergence of gammadelta T cells in the thymus, while opposing
alphabeta T cell differentiation. It acts at least in part by inhibiting canonical Wnt signaling.

Medical relevance

The essential roles that have already been identified for the mouse SoxD genes in multiple
biological processes strongly suggest that their orthologues must have similar functions in
humans. Gain-of-function or loss-of-function mutations in SOXD genes in humans could thus
cause complex disease syndromes, as is the case for several other SOX genes. No such
mutations, however, have yet been identified and linked to human congenital diseases. SOX13,
nevertheless, was identified as the islet cell auto-antigen 12 that causes autoimmune diseases,
including type | diabetes and primary biliary cirrhosis (Kasimiotis et al., 2000; Fida et al.,
2002). The SOXD genes are expressed in glioma, prostate, and several other types of tumors
(Ueda et al., 2004; Ma et al., 2009). Their contribution to cancer development or progression
remains generally unknown, but it has been suggested that SOX5 may enhance nasopharyngeal
carcinoma progression by down-regulating SPARC gene expression (Huang et al., 2008).

Conclusions

Our current understanding of the SoxD proteins is still in its infancy, but the impressive amount
of data that has already been published by many groups is already sufficient to conclude that
these structurally unique Sox proteins are biologically very important. They are highly flexible
in selecting DNA binding sequences and are capable of using various mechanisms to either
enhance or repress transcription. They thereby modulate such varied processes as cell
proliferation, survival, differentiation, and terminal maturation in a number of cell lineages. It
is our hope that this review will generate even greater enthusiasm in many groups to further
uncovering the biological functions of these proteins, as well as their modes of action and
regulation.
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Figure 1.
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Schematic of the human SoxD proteins. The coiled-coil dimerization domain and HMG box
DNA-binding domain are shown, as well as the amino acid positions at the beginning and end
of the proteins and internal domains. Predicted molecular weights are indicated on the right.
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Figure 2.

Schematic illustrating various modes of action of the SoxD proteins. (A) Sox5 and Sox6
cooperate with Sox9 in transactivating chondrocyte-specific genes. They bind to recognition
sites nearby, but distinct from those of Sox9. (B) SoxD proteins repress transcription through
various mechanisms. They compete with SoxE proteins in binding to recognition sites on
oligodendrocyte- and melanocyte-specific genes, and recruit co-repressors. Sox13 interacts
with Tcflin T cells, thereby preventing it from binding to target genes. Sox6 blocks expression
of embryonic globin genes in erythroid cells by binding to recognition sites in the proximal
promoters.
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