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In mammals, most skeletal elements are formed through
endochondral bone formation, which is characterized by the
initial formation of cartilage molds from mesenchymal con-
densations and their subsequent replacement by bones [1].
A small number of skeletal elements, including some cran-
iofacial bones, are formed through intramembranous bone
formation, which is characterized by direct transformation
of mesenchymal condensations into bones. During the
initial step common to both processes, the mesenchyme
receives patterning signals that determine the shape, size,
and number of mesenchymal condensations [2]. Molecules
providing such patterning information are members of the
Wnt, hedgehog, and fibroblast growth factor (FGF) fami-
lies, and the TGF-8 superfamily, a series of transcription
factors of the Hox, Pax, homeodomain-containing,
Forkhead, and basic helix-loop-helix (bHLH) families,
and of cell adhesion molecules, including N-cadherin and
NCAM [3]. During the endochondral process, cells in
the mesenchymal- condensations differentiate into
chondrocytes, while cells at the periphery become perichon-
drial cells [4]. Chondrocytes, the primary cell type of carti-
lage, have a characteristic shape, express a characteristic
genetic program, and deposit a characteristic extracellular
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matrix rich in type II collagen and the proteoglycan
aggrecan. The cartilage enlarges through chondrocyte
proliferation and matrix production. Subsequently,
chondrocytes in the center of the cartilage stop proliferat-
ing, dramatically increase in size (hypertrophy), and change
their genetic program to synthesize a matrix rich in type X
collagen. Hypertrophic chondrocytes play a pivotal role in
coupling chondrogenesis and osteogenesis in the endochon-
dral process; they mineralize a surrounding matrix to pro-
vide a scaffold for osteoblasts, direct adjacent cells in the
perichondrium and the primary spongiosa to become osteo-
blasts, and attract blood vessels and blood cells, including
osteoclasts [5,6]. Hypertrophic chondrocytes then undergo
apoptotic cell death. The pathways of chondrocyte and
osteoblast differentiation are thus coordinated in time and
space during endochondral bone formation. This review
summarizes the roles of Sox5, Sox6, and Sox9 in the differ-
ent steps of chondrogenic differentiation.

Roles of Sox9 in chondrogenesis

Sox9 is a member of the Sox family of transcription factors,
which are characterized by a high-mobility-group (HMG)-
box DNA-binding domain, whose sequence is at least 50%
identical with that of the sex determining factor SRY [7].
The Sox family is composed of several subgroups based on
sequence homologies both inside and outside the HMG-
box domain [8]. Sox9 has a transcription activation domain
and binds to a specific sequence in the minor groove of
DNA [9]. Sox9 efficiently binds to single and double HMG-
box sites in DNA. In mouse embryos, Sox9 is expressed
in all chondroprogenitor cells and all chondrocytes, while
its expression is dramatically decreased in hypertrophic
chondrocytes [10~12].

Physiological roles of Sox9 in chondrogenesis were first
demonstrated by the human genetic disease campomelic
dysplasia (CD). This disease is caused by heterozygous in-
activating mutations in and around the SOX9 gene and is
characterized by hypoplasia of all endochondral skeletal
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elements [13,14]. Heterozygous Sox9 mutant (Sox9+/-)
mice phenocopied CD in the skeletal phenotype, support-
ing the human data. In Sox9+/— mouse embryos, smaller
and delayed mesenchymal condensations caused the
hypoplasia of endochondral bones and elongation of
the hypertrophic layer of the growth plate and premature
mineralization in several bones [15]. Taken together, these
data suggest that Sox9 negatively regulates the transition
of chondrocyte proliferation into hypertrophy. Since no
homozygous Sox9 (Sox9-/-) mutants could be generated,
owing to the perinatal lethality and sex reversal of
Sox9+/— mice, the effects of a complete loss of Sox9 on
chondrogenesis were examined in mouse chimeras contain-
ing both Sox9-/~ and wild-type cells by injecting Sox9—/—
embryonic stem (ES) cells into wild-type blastocysts [16].
While Sox9-/— and wild-type cells were intermingled in
chondrogenic fields prior to the formation of mesenchymal
condensations, Sox9—/— cells were excluded from chondro-
genic mesenchymal condensations and never expressed
chondrocyte marker genes such as Col2al, Col9a2,
Colllla2, and aggrecan. In addition, in teratomas derived
from Sox9—/— ES cells, no cartilage formed. Inactivation of
the Sox9 gene in limb buds using the Cre recombinase/loxP
recombination system before chondrogenic mesenchymal
condensations resulted in the complete absence of mesen-
chymal condensations with abolished expression of chon-
drocyte marker genes [17]. These data demonstrate an
important role of Sox9 in the initial step of chondrogenesis,
that is, mesenchymal condensations (Fig. 1).
Chondrocyte-specific enhancers of the Col2al, Collla2,
and CDRAP genes contain Sox9 binding sites [9,10,18,19].
These enhancers were activated by Sox9 in transfection
experiments and also in vivo for the Col2al enhancer [20].
In addition, enhancer mutations that abolished DNA bind-
ing of Sox9 inactivated these enhancers in vivo. These
data suggest that Sox9 has a role in regulating chondrocyte
marker genes after mesenchymal condensations. When
Sox9 was deleted by using the Cre recombinase/loxP recom-

Fig. 1. Diagram of the actions of
Sox5, Sox6, and Sox9 in
different steps of chondrogenic
differentiation

mesenchymal
cells

mesenchymal
condensations

bination system after chondrogenic mesenchymal conden-
sations, severe generalized chondrodysplasia occurred with
a severe reduction of cartilage-specific matrix production
and lack of proliferating chondrocytes [17]. These data
demonstrate an important role of Sox9 in chondrogenesis
after mesenchymal condensations as well (Fig. 1).

The expression and function of Sox9 is not restricted to
chondrogenesis [13,14], suggesting that other transcription
factors may cooperate with Sox9 to specifically activate
chondrocyte marker genes. Other Sox proteins interact with
transcription factors of different families, and those interac-
tions may increase the specificity of these Sox proteins in
activating target genes [21-23].

Roles of Sox5 and Sox6 in
chondrogenic differentiation

Sox5 and Sox6, which have a high degree of sequence iden-
tity with each other, belong to a different subgroup of Sox
proteins and present no sequence homology with Sox9
except for the HMG-box. Sox5 and Sox6 are coexpressed
with Sox9 during chondrogenic differentiation [24]. Both
genes are expressed in several nonchondrogenic tissues
[25]. Owing to the presence of a highly conserved coiled-coil
domain, Sox5 and Sox6 form homodimers and hetero-
dimers with each other, which bind much more efficiently to
pairs of HMG-box binding sites than to single binding sites.
Unlike Sox9, Sox5 and Sox6 do not contain a transcriptional
activation domain. Sox5 and Sox6 cooperate with Sox9 to
activate the Col2al enhancer and the Col2a] and aggrecan
genes in vitro.

Physiological roles of Sox5 and Sox6 in chondrogenic
differentiation were demonstrated by genetically manipu-
lated mice. Although homozygous Sox5 mutant (Sox5—/-)
mice and Sox6 mutant (Sox6—/—) mice were born with
relatively mild skeletal anomalies, double mutant
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