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SUMMARY

The notochord has major roles in vertebral column
formation: indirectly by inducing sclerotome cell
differentiation; and directly by forming the nucleus
pulposus of intervertebral discs.Sox5 and Sox6 encode
Sry-related HMG box transcription factors that act
redundantly to promote chondroblast differentiation in all
cartilages of the mouse embryo. We show the8ox5 and
Sox6 are expressed in the notochord cell lineage and
required for notochord late development.

In Sox57/Sox67~ embryos, the notochord formed a
typical rod-like structure. It fulfilled its inductive
functions, as indicated by expression of sonic hedgehog

became removed first from intervertebral spaces and then
from vertebral bodies, and it progressively underwent
apoptosis. Meanwhile, the development of inner annuli
and vertebral bodies was dramatically impaired.
Consequently, the vertebral column of Sox577/Sox67-
fetuses consisted of a very deficient cartilage and was
devoid of nuclei pulposi. In Sox5/7/Sox67/~ and more
severely inSox5"-/Sox67- embryos, the notochord sheath
was thinner, but cells survived. By birth, nuclei pulposi
were rudimentary, and its cells poorly swelled and still
expressing sonic hedgehog.

Hence, Sox5 and Sox6 are required for notochord

and sclerotome specification. However, the notochord
failed to become surrounded with an extracellular
matrix sheath. This phenotype was associated with a
downregulation of extracellular matrix genes, including
the genes for collagen 2, aggrecan and perlecan in both

extracellular matrix sheath formation, notochord cell

survival and formation of nuclei pulposi. Through these
roles and essential roles in cartilage formation, they are
central transcriptional regulators of vertebral column

development.

notochord cells and surrounding chondrocytic cells of
presumptive inner annuli and vertebral bodies. The
mutant notochord then underwent an aberrant, fatal
dismantling after sclerotome cell migration. Its cells

Key words:Sox5 Sox6 Notochord, Nucleus pulposus, Intervertebral
disc, Cartilage, Vertebral column, Mouse

INTRODUCTION basement membranes, or mesenchymal and fibrous tissues
(Gotz et al., 1995; Hayes et al., 2001).
The development of the vertebral column relies on the proper The notochord has crucial roles in inducing ectoderm,
specification and differentiation of several cell lineages. Irendoderm, and mesoderm derivatives in the early embryo
recent years, important transcription factors, growth factor§Cunliffe and Ingham, 1999; Cleaver and Krieg, 2001). It may
and signaling molecules have been identified that control su@iso have an important mechanical role, and thereby constitute
cells as sclerotome cells, chondrocytes and osteoblasts (Chrasprimitive axial skeleton (Adams et al., 1990). In vertebrate
et al.,, 2000; de Crombrugghe et al., 2001; Karsenty anembryos, the notochord has major roles later on during
Wagner, 2002). However, little is known about notochord cellsertebral column formation (Christ et al., 2000; Pourquié et al.,
(Fleming et al., 2001). 1993). Intervertebral discs are joint-like structures that connect
The notochord is a midline structure of mesodermal origitvertebrae. They feature a highly hydrated nucleus pulposus
that forms during gastrulation in chordate embryos (Hogan etore, surrounded with a cartilaginous inner annulus and a
al., 1994). By mouse embryonic day 9.5-11.5 (E9.5-E11.5), fibrous outer annulus. At E10.5-E11.5, signals from the
consists of a solid rod underlying the neural tube. The cells aretochord induce sclerotome cell migration, condensation, and
small, condensed and enveloped altogether within a sheath differentiation around the notochord and neural tube. The so-
extracellular matrix. This sheath contains many collagengprmed perinotochordal tube has a metameric pattern with the
proteoglycans and glycoproteins, typically found in cartilagealternation of more condensed and less condensed zones.
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Between E12.5 and E15.5, the more condensed zones develapmal precartilage condensations, but their differentiation into
into outer and inner annuli and the less condensed zones irtbondroblasts is delayed and impaired. These cells express
vertebrae. The notochord thus has indirect roles in theartilage extracellular matrix genes at low or undetectable
formation of vertebrae and annuli. Simultaneously, itlevels and poorly proliferate. They are unable to persist as a
undergoes profound changes. Notochord cells located jmool of proliferating chondroblasts in epiphyses and to
vertebral bodies are removed and probably relocated intestablish cartilage growth plates in metaphyses. Instead, they
intervertebral regions (Aszddi et al., 1998; Rufai et al., 1999)precociously undergo an aberrant maturation into hypertrophic
In these latter regions, they proliferate and undergehondrocytes. By E16.5, when the fetuses die, cartilages are
hypertrophy to form the nuclei pulposi. The notochord thusudimentary and matrix deficient, and are starting to be invaded
also directly participates in vertebral column formation. by bone-forming cells.

Several molecules are known to control the early notochord We show here th&ox5andSox6are expressed in notochord
(Cunliffe and Ingham, 1999). For example, the T-boxcells and surrounding sclerotome-derived cells, and that
transcription factor brachyury (T) determines notochord celBox5//Sox6/~ embryos have severe defects in notochord
differentiation and survival (Herrmann and Kispert, 1994)development. Sox5 and Sox6 are dispensable for early
and the secreted factors sonic hedgehog (Shh) and noggdiuctive functions of the notochord, but indispensable for
mediate inductive actions (Chiang et al., 1996; McMahon etotochord sheath formation, cell survival and development into
al., 1998; Teillet et al., 1998). In vitro studies have suggesteauclei pulposi. Hencesox5andSox6are required to direct the
that the notochord sheath maintains the structural scaffolidite and differentiation of notochord cells and chondrocytes,
and internal pressure of the notochord (Carlson and Kenneyyo cell types with major roles in vertebral column formation.
1980; Adams et al., 1990), but its exact roles in vivo have not
been determined. The cellular origin and molecular control
of this sheath remain unknown. I\%oreover, the mechanism¥ATERIALS AND METHODS
that underlie the transformation of the notochord into nuclej .
pulposi are also largely unknown. Several mouse mutanfd©use mutants and embryo analysis

have an abnormal development of the notochord and vertebrgi€ 9eneration dsoxS/Sox@nutant mice has been described (Smits
column. These include n?ice that lack collagen 2 (Li et al.St! 2001). Mice were analyzed on the 129/SvB57BL/6 genetic

. A - -~ Z*background, and skeletal phenotypes were fully peneBaxf’~and
1995; Aszodi et al,, 1998), the paired box transcriptio ox6~ mice were indistinguishable from wild-type littermates in all

factors Pax1 and Pax9 (Wallin et al., 1994; Peters et alyggays. Therefore, we refer to wild-type and single heterozygous mice
1999), and the homeobox transcription factor Bapx1 (Tribiolgs controls. Genotyping, skeletal preparations and histological

and Lufkin, 1999; Lettice et al., 1999; Akazawa et al., 2000)analyses were performed as described (Smits et al., 2001). Unless
In these mice, vertebral body cartilages fail to develomtherwise indicated, embryo sections were stained with Alcian Blue
properly. The notochord forms normally, but fails to beand nuclear Fast Red. All experiments were repeated with two or
removed from vertebral bodies and to develop into nuclehore pairs of control and mutant littermates, and, unless otherwise
pulposi.Bapx], Pax1andPax9are expressed in sclerotome indicated, figures show data from one representative experiment.
fr?”ts’thbu{ notfin no:pcho;dthcells.tlt \r/]vas(,:i t.h(tareforeI proplose%tNA in situ hybridization

at the transformation of th€ notochord INto NUCi€l PulpoSLy A iy, g, hybridization was performed usifRp-labeled antisense
requires mechanical pressure from the vertebral bodé

. . robes (Smits et al., 2001). Pictures were taken using a red filter for
cartilage matrix. As of today, no regulatory factor expressegna signals and under blue fluorescence for nuclei stained with the

in notochord cells and pontrolling cell fate z;nd d!f_ferentiationHoechst 33258 dyd. andCar3 cDNA probes were generated by RT-
beyond early embryonic stages has been identified. PCR of ~500 bp of the' Zintranslated sequences. Th@od cDNA
Sox5and Sox6encode two highly identical transcription probe corresponded to 100 bp of the open reading frame and 200 bp
factors, respectively, L-Sox5 and Sox6 (Lefebvre, 2002). Thes# the 3 untranslated sequence. TBel3al(Metsaranta et al., 1991),
factors feature an Sry-related HMG box domain, which-amcl (Laurie et al., 1989)Paxl (Deutsch et al., 1988)Shh
mediates DNA binding, and a coiled-coil domain, which(Echelard et a_l., 1993) and other cDNA probes (Smits et al., 2001)
mediates homo- and heterodimerization (Lefebvre et al., 1998y€re as described.
Sox5also encode a short protein (Sox5) that lacks the Neej proliferation assay

terminal haI_f of L-Sox5, including the dimerization dom"’,"”'Pregnant mice were injected with 5-bromiedoxyuridine (BrdU)
The transcripts for L-Sox5 and Sox6 are co-expressed in alymed Laboratories) (1l/g of mouse) and sacrificed 2 hours later.
cartilages, and expressed in a few other tissues. The transciffibryos were fixed in 4% paraformaldehyde, dehydrated through a
for Sox5 is expressed exclusively in testis. In vitro experimentgraded ethanol series and embedded in paraffin wax. BrdU-labeled
have suggested that L-Sox5 and Sox6 cooperate with SOx9D&IA was detected in im sections using a BrdU immunostaining
distant relative and master chondrogenic factor (Bi et al., 1998jt (Zymed laboratories). Sections were counterstained with
Akiyama et al., 2002), in the direct activation of the collagertiematoxylin.
2 G5he Colzad (Lefebwe ol 1996) The 10esSDXSNG i sy
- . ) : The Alkaline Phosphatase In Situ Cell Death Detection kit (Roche)

We recently inactivateoxsand Sox6ln_ the mouse and was used according to the manufacturer’s instructions, with the

revealed that the two genes have essential, redundant rOIeSdeowing modifications. Before incubation with the terminal

chondrogenesis (Smits et al., 2001). WherngS/— MICE  deoxynucleotidyl transferase (TdT), sections were blocked for 20
and Sox6/~ mice are born with minor cartilage defects, minutes with 0.3 mg/ml bovine serum albumin in phosphate buffered
Sox5"/Sox6'~ fetuses develop a generalized and dramatigaline. The TdT enzyme was used at a 1:20 dilution and the converter
chondrodysplasiaSox5/Sox6'~ prechondrocytes develop alkaline phosphatase at a 1:2 dilution.
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Fig. 1.Lack of nuclei pulposi in A
Sox5/Sox6/-fetuses.
(A) Histological analysis of mid- E15.5

sagittal sections of the thoracic
vertebral column of E15.5 control and
Sox5/Sox6’-fetuses. In the control
(top) , intervertebral discs (arrows) Sox5*" &
feature a nucleus pulposus (NP), a Sox6*/* 3
cartilaginous inner annulus (IA) and a
mesenchymal outer annulus (OA).
Vertebral bodies (VB) exhibit a core of
hypertrophic chondrocytes, surrounded
with chondroblasts juxtaposed to inner
annulus chondroblasts. In the mutant
(bottom), the segmentation of the
vertebral column is only visible in

outer annuli. Nuclei pulposi are
lacking. The cartilage matrix of inner
annuli and vertebral bodies is deficient
(pale Alcian Blue staining), and
chondroblasts are all small and round.
Groups of condensed cells
(arrowheads), remnants of the
notochord, are seen in vertebral body
regions, but not in intervertebral
regions. (B) Histology of cross sections B

of E15.5 control an@ox5"7/Sox6"~

fetuses in the upper lumbar vertebral E15.5
column. In control intervertebral

regions (top), the nucleus pulposus is Sox5*-
surrounded with inner and outer 6t+ B
annulus. Notochord cells are no longer
seen in vertebral bodies or between
intervertebral and vertebral regions
(arrowheads). The mutant
intervertebral and vertebral regions
(bottom) show no nucleus pulposus or o
notochord cells. Residual notochord ~ S0X%™7
cells form trains between the center of SOX6
cartilages and the outer mesenchyme

between vertebral and intervertebral

regions (arrow).

Sox57-
Sox67-

Sox

RESULTS vertebral body regions and at the junction with intervertebral
regions, but never within intervertebral regions. Their aspect
Sox5-'-/Sox6~- embryos lack nuclei pulposi strongly suggested that these cells were remnants of the

Histological analysis of E15S0x5"/Sox6/-fetuses indicated Nnotochord (see Fig. 4). In the most developed (upper lumbar)
that in addition to developing severe cartilage deficiencieg€gion (Fig. 1B), these notochord cells were found only at the
these fetuses were also failing to develop intervertebral disdgnction between vertebral and intervertebral spaces. They
(Fig. 1). In the thoracic region, which, together with the lumbatvere often forming trains heading to the outer mesenchyme.
region, corresponds to the vertebral column segment that is tR&€cause a similar phenotype, with abnormal removal of the
most developmentally advanced, vertebral bodies could peotochord and absence of nuclei pulposi, had not been
distinguished from intervertebral discs in control embryogiescribed in mouse mutants, we embarked upon a detailed
(Fig. 1A). Vertebral bodies contained a core of hypertrophi@nalysis.

chondrocytes, flanked with prehypertrophic cells and ]

proliferating chondroblasts. Intervertebral discs contained &0x5 and Sox6 are co-expressed in the notochord,

nucleus pulposus core surrounded with inner annulus cartilagié/cleus pulposus and cartilage

and outer annulus mesenchyme. Sox5/Sox6’/~ fetuses, The expression pattern &ox5 and Sox6 during vertebral
intervertebral areas could be identified only by the presence oblumn development was analyzed by RNA in situ
outer annulus. There were no nuclei pulposi, and inner annulbybridization of mouse embryo sections (Fig. 2). At E11.5, at
cartilage was indistinguishable from vertebral body cartilagethe onset of vertebral column formati@®gx5and Sox6were
Both cartilages had a deficient extracellular matrix, andoth expressed in notochord cells and in sclerotome cells
vertebral bodies featured no hypertrophic chondrocytesurrounding the notochord and neural tube. From E11.5 to
Interestingly, small groups of condensed cells were present B15.5, and until birth (data not showrfox5 and Sox6
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Fig. 2. Co-expression osox5and )
Sox6in the notochord and nucleus high mag.
pulposus. Mid-sagittal and cross-
sections were made in the lumbar
vertebral column of E11.5-E15.5
wild-type embryos. Cross-sections

were chosen in intervertebral

regions. Each row shows pictures

of adjacent sections. Left-hand  E12.5
panels are sections stained with :
Alcian Blue and nuclear Fast Red sagittal
to identify the neural tube (NT),

notochord (arrows), intervertebral
mesenchyme (IM), inner annulus

(IA), outer annulus (OA), nucleus
pulposus (NP) and vertebral

bodies (VB). The other panels
showSox5(middle) andSox6 E13.5
(right) RNA in situ hybridization :
(arrows indicate notochord). The sagittal
second row displays high-

magnification pictures of the

boxed areas in the first row. The

left-hand pictures for each

hybridization were photographed

under standard conditions of blue
fluorescence (cell nuclei) and E15.5
dark-field exposure (RNA signals). & .
Fluorescence only was used for ~ Sagdittal SEEENP
the right-hand pictures to visualize %
the notochord better. At all stages,
Sox5andSox6are co-expressed in
the notochord, nucleus pulposus,
prechondrocytes (IM) and
chondroblasts (IA, VB). The
signal forSox5RNA is slightly E15.5
weaker in the notochord and :
nucleus pulposus than in Cross
surrounding tissues, whereas the

signal forSox6RNA is similar is

all these tissues.

remained expressed in notochord cells throughouhotochord generally containing fewer cells (Fig. 3A). Control

differentiation into nucleus pulposus cells. They also remainedmbryos had started to deposit a notochord sheath, which
expressed in sclerotome-derived prechondrocytes argtained with Alcian Blue, whereas sclerotome-derived cells
chondroblasts in vertebral bodies and inner annuli, but not ihad not yet accumulated any cartilage matrix. The notochord
outer annuli. At all stages, the signal f8ox5RNA was sheath was totally missing in mutant embryos. By E13.5, the
slightly weaker in the notochord and nucleus pulposus than itcontrol notochord sheath had become much thicker (Fig. 3B).
precartilage and cartilage, whereas the signalSfm6 RNA It was evenly thick in vertebral and intervertebral areas, despite

was similar in all these tissues. a strong difference in abundance of cartilage matrix between
these two areas. In mutant littermates, vertebral bodies had

Sox5 and Sox6 are required for notochord sheath started to deposit some cartilage matrix, but the notochord

formation sheath was still undetectabl€ox5 and Sox6 thus control

At E11.5, the notochord of both control aBdx5/7Sox6’~  notochord sheath formation.
embryos was a rod of condensed cells, with the mutant We tested the RNA levels for notochord sheath components
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A E115 B E135
30x5+f+ Sox6 4+ Saxs-/--30x6-/- Sox51/*;Sox6*/* sst-/--SOxs-/-

AL
Foa A VLU

C Sox5**:Sox6**  Sox5-;Sox67- Sox5**:Sox6**  Sox57-;Sox67-

Col2at
Agc1
Hspg2

Lamc1

D Shh T Car3
Sox5**;Sox6**  Sox5-;Sox6- Sox5*/*;Sox6**  Sox57-;Sox67-  Sox5**:Sox6**  Sox57-;Sox6-

Fig. 3.Lack of notochord sheath Box5//Sox6"-embryos. (A,B) Histological analysis of mid-sagittal sections of control (left) and
Sox5"7Sox6’- (right) embryos at E11.5 (A) and E13.5 (B). Top panels show the notochord surrounded with vertebral bodies (VB) and
intervertebral mesenchyme (IM). Bottom panels show the notochord at higher magnification. The control notochord is surtounded wi
extracellular matrix (arrows) that stains with Alcian Blue. The mutant notochord has fewer cells and lacks the matri€yheattu (
hybridization of RNAs for extracellular matrix proteins in mid-sagittal sections of contr@ax{/Sox6/~ E13.5 embryos. The left and right
panel pairs are low- and high-magnification pictures, respectively, of the same areas. Arrows indicate the ronthbespression is

partially downregulated in mutant notochord cells and chondrobkgtdandHspg2expression is severely downregulated in both mutant cell
types.Lamclexpression is not significantly altered or is only slightly downregulated in mutant notochord and intervertebral cellsu(D) In si
hybridization of RNAs for notochord-specific non-matrix proteins in controlSmd’~7/Sox6'- E13.5 embryosShhRNA was tested in cross-
sections, an@ andCar3 RNA in mid-sagittal sections. TH8ox5//Sox6/~ mutation does not affect expression of these RNAs.

in E11.5 to E14.5 embryos (E13.5, Fig. 3C). As previouslhyaggrecanAgcl) and perlecarH{spg? at virtually undetectable
described (Smits et al., 20013px5//Sox6’~ chondroblasts levels. Expression of these genes was similarly reduced in
expresse€ol2alat a partially reduced level, and the genes foiSox5//Sox6~ notochord cells. Control embryos expressed
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the gene for lamininyl (Lamc) in notochord cells and notochord interruptions seen in sagittal sections were not due
intervertebral mesenchyme, but not in chondroblasts. Mutamd waviness of the notochord (Fig. 4C,D). At E12.5, the
notochord cells expresseldamcl at a similar or slightly notochord was still visible and expressigghin the cervical
reduced level. We also tested the expression level of genes faind caudal intervertebral spaces in both control and
other basement membrane proteins, including collagen 80x5/Sox6'~ embryos. In the thoracolumbar intervertebral
(Col4al) and nidogen, and for other mesenchymal and fibrouspaces, notochord cells were identifiable in control embryos,
tissue proteins, including fibronectin, collagen Qolllal) but not inSox5"/Sox6/~ embryos.Sox5/Sox6'- notochord
and collagen 3 ol3al), which were detected by cells were therefore vanishing from intervertebral regions.
immunolocalization in the notochord sheath of mouse or rat Hence,Sox5andSox6are needed to maintain the notochord
embryos (Gotz et al., 1995; Hayes et al., 2001). However, thege intervertebral regions and to remove the notochord from
genes were not expressed in control notochord cells, angrtebral bodies in a timely manner.
their expression in other cells was not affected by the
Sox5"7Sox6- mutation (data not shown). Sox_5 and Sox6 are needed for notochord cell

We also tested whether tBex5/7/Sox6/- mutation affected ~ survival
expression of non-matrix genes in the notochord. We chos&/e tested whether the reduced numbersSok5'/Sox6'
genes highly expressed in notochord cells, but not expressadtochord cells in E11.5 embryos, and the removal of
in chondrocytesShh(Echelard et al., 1993), (Wilkinson et  notochord cells from intervertebral spaces in E12.5-E14.5
al., 1990) ancCar3(carbonic anhydrase 3) (Lyons et al., 1991).embryos resulted from abnormal cell proliferation or from cell
Their RNA levels were normal in the mutant notochord (Figdeath. As we have shown previously tBatx5and Sox6are
3D). required to promote chondroblast proliferation, we first tested

Hence, Sox5 and Sox6 are not needed for the initial notochord cell proliferation (Fig. 5A). In both control and
formation of the notochord, but are required for notochoranutant embryos, notochord cells were proliferating actively at
sheath formation. They are required in notochord cells anB11.5, and less actively at E13.5. At both stages, mutant
chondrocytes to express genes for common components of thetochord cells were proliferating at a similar or higher rate

cartilage matrix and notochord sheath. than control cells. Thus, the loss of mutant notochord cells was
not due to a decreased rate in cell proliferation.

Sox57"-/Sox6~"~ notochord cells are removed from Cell death was assessed by the TUNEL assay (Fig. 5B). At

intervertebral spaces and vertebral bodies E11.5, few apoptotic cells were detected in control notochords,

From E13.5 to E15.5, the control notochord developed intbut many dying cells were seen in mutant notochords. Both
nuclei pulposi, and sclerotome cells into vertebral body andontrol and mutant intervertebral mesenchymes featured dying
inner annulus chondroblasts. Because these transformatiocalls, whereas only mutant vertebral mesenchymes featured
started earlier in the thoracolumbar region than in the cervicaome. At E13.5, control notochord cells were not dying,
and caudal regions, all steps could be visualizeavhereas Sox5/Sox6'~ notochord cells were undergoing
simultaneously in E14.5 embryos (Fig. 4A). In the distal tailmassive apoptosis in prevertebral and intervertebral regions.
the notochord was still a continuous rod, intervertebral region€ells were not dying in control cartilage, but a few cells were
highly condensed, and vertebral bodies starting to accumulaséill dying in Sox57/Sox6’- intervertebral mesenchyme.
some cartilage matrix. In the proximal tail, the notochord wasience, apoptosis explains the progressive loss of all
starting to bulge in intervertebral regions. In the thoracic regio®ox5/Sox6'~ notochord cells, but not the selective loss in
and in the E15.5 lumbar region, notochord cells weréntervertebral spaces.
completely removed from the vertebral bodies, but an acellular Notochord disintegration occurred in embryos lackihg
notochord sheath was still visible. Nuclei pulposi, vertebra(Herrmann and Kispert, 1994) ahd5a (integrin-a5) (Goh et
body and inner annulus cartilage were fully developing. al., 1997). However, we found th&h5a was expressed in
During the same time period, the notochord ofintervertebral cells, but not in notochord and prevertebral
Sox5/Sox6'~  embryos underwent  an aberrant cells. Moreover, its expression was not affected by the
dismantlement. First, notochord cells disappeared fron$ox5//Sox6'- mutation (data not shown). As shown abdve,
presumptive intervertebral areas, but not from vertebral bodiesas expressed at normal levelsSox5//Sox6'~ notochord
(Fig. 4A, top two panels). The vertebral bodies werecells (Fig. 3D). Therefore, the cause of apoptosis of
underdeveloped, but the intervertebral mesenchyme wa&0x5//Sox6~ notochord cells was not an altered expression
normally condensed. Next, notochord cells formed trains thaif T or Itn5a.
seemed to be moving out of the vertebral column between )
vertebral and intervertebral spaces (Fig. 4A, bottom twe>0x5 and Sox6 promote inner annulus chondroblast
panels). The vertebral bodies featured some cartilage matristifferentiation
but the intervertebral mesenchyme was still condensed. THehe exclusion of Sox5/7Sox6/~ notochord cells from
hybridization ofSox57Sox6'- embryo sections with &ar3  intervertebral spaces could result either from a notochord
RNA probe convincingly illustrated the disruption of the defect or from an intervertebral defect. In favor of the latter,
notochord and diversion of its cells (Fig. 4B). As shown earliehistological analysis suggested that ti®ox5/Sox6'~
(Fig. 1B), Sox5'7/Sox6/~ notochord cells were removed from intervertebral mesenchyme was impaired in its development
vertebral bodies by E15.5, thus with a delay of approximatel{fig. 4A). To test this hypothesis further, we analyzed
2 days compared with control cells, and never developed nuclekpression of cell-specific markers.
pulposi. Pax1and Pax9are indispensable for cell fate specification
We also analyzed transverse sections to ascertain that taed differentiation of sclerotome cells. As expected (Deutsch
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Fig. 4. Removal of A C E12.5
Sox5//Sox6'- notochord Sox51/-;Sox6*/* Sox57-;Sox67- Sox5*/*:Sox6+/*  Sox57/-:Sox67-
cells from intervertebral E14.5 e v 1 i oo e .

spaces. (A) Histological
analysis of mid-sagittal
sections of E14.5 and E15.
control andSox5"/Sox67~
embryos. At E14.5, in the
distal tail, the control
notochord is continuous, bt
the mutant is interrupted in
intervertebral regions
(arrows in first row). In the
intervertebral regions of the
proximal tail, the control
notochord is bulging (arron
in second row), whereas
mutant notochord cells are
missing. In both segments
the tail, control vertebral
bodies are starting to
accumulate cartilage matri;
but mutant vertebral bodies
hardly are. In the E14.5
thoracic region and E15.5
lumbar region (third and
fourth rows), control
notochord cells have been E15.5
removed from vertebral

bodies, but the notochord
sheath is still visible (arrow

in left panel in third row).
Vertebral body and inner
annulus cartilage is

developing, and nuclei

pulposi expanding. In

mutants, vertebral bodies ¢ B
accumulating a deficient
cartilage matrix, and

notochord cells are forminc
trains (arrows in right pane

in third and fourth rows)
between vertebral and
intervertebral regions. (B) |

situ hybridization ofCar3

RNA in an E13.5
Sox5"7Sox6-embryo. The
RNA signal identifies

notochord stretches in

vertebral bodies, but not in intervertebral regions (higher cell density, arrows). Arrowheads indicate notochord celledtmpid positions,

i.e. dorsal and ventral (mid-sagittal section) or lateral (para-sagittal section) to the normal axis of the notochotéreesitibnal regions.

(C) Histological analysis of cross-sections of E12.5 controlSmd’/Sox6’- presumptive intervertebral discs. The control notochord is intact
in all regions. The mutant notochord is still visible in the cervical and caudal regions, but not in the lumbar regioitu(Bybridization of
ShhRNA in cross-sections of E12%0x53"/Sox8~ andSox57/Sox6'~ embryos through intervertebral regioBhRNA is detected in the

floor plate of the neural tube in both embryos (arrowheads). It is also detected in notochord cells in both lumbar andmolicsdions

and in theSox5/7/Sox67~ cervical region (arrows). By contrast, BahRNA signal is seen in th8ox5/7/Sox6'- lumbar region (arrow).

distal tail

proximal tail
caudal

E12.5 Shh
D soxs*/-:sox6*- Sox57/~;Sox67/

thorax

lumbar

mid-sagittal para-sagittal

et al.,, 1988),Paxl was highly expressed in presumptive embryos, it was still highly expressed in lower lumbar
intervertebral regions in E11.5 wild-type embryos (Fig. 6A). Itintervertebral areas.

was correctly expressed Box5/7/Sox6’- sclerotome cells, By E15.5, the genes for the mesenchymal markers collagen
indicating that these cells were correctly specified. From E11.3 (Fig. 6B), collagen 1 and fibronectin (data not shown) were
to E13.5, control cells underwent chondrogenesis,Raxd  no longer expressed in control and mutant vertebral body
expression became confined to narrow zones of intervertebrethondroblasts and in control inner annulus chondroblasts. In
mesenchyme, to perichondrium and to outer annuli. By E15.8he mutant intervertebral regions, they were being inactivated
it remained expressed only in outer annuli, whereas, in mutairt the thoracic and higher lumbar regions (data not shown), but
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A E11.5 E13.5 Fig. 5.Normal proliferation, but massive

50 apoptosis 080x5"/Sox6’- notochord

) . control cells. (A) BrdU labeling of proliferating

g 40 ] Sox57-Sox6~"- cellsin E11.5 and E13.5 control and

£ Sox5"/Sox6-embryos. Three pairs of

= littermates were tested per age (1-6). For

L 20 4 each embryo, notochord cells were

3 counted in five to nine mid-sagittal

@ 10 - = sections in the thoracolumbar region,

= m totaling 300-1000 cells. The percentage of

0 - BrdU-positive cells is presented as the

#1 #2 #3 #4 #5 #6 meanzs.d. for all sections. Representative
pictures are shown underneath. BrdU-
labeled cells are brown. At both stages,

E11.5 #1 mutant notochord cells proliferate at a
Sox5*/* rate that is similar to or higher than that of
Sox6*/* control cells. (B) TUNEL assay in the

thoracolumbar region of control and
Sox5- Sox5'/Sox6"-embryos. At E11.5, few
Sox6~- cells are dying in the control notochord
(red, arrowheads), and many more in the
E13.5 #4 : —— mutant notochord. Cells are also dying in
-, ek .',‘ intervertebral mesenchyme (IM) in both
Sox5°"" [ ! "';v.\,ar embryos (arrows). At E13.5, no cells are
Saxd - ""*“"‘-‘ = dying in the control notochord, but

massive apoptosis is occurring in the
mutant notochord. No cells are dying in
control cartilages, but few cells are dying
in mutant intervertebral mesenchyme

B E11.5 #1 _ (arrow). VB, vertebral bodies.

notochord development, we analyzed
compound mutants. At E12.5, the
notochord sheath was normal in
Sox5/Sox6" embryos, and slightly
thinner in Sox5//Sox6~ and
Sox5/*/Sox6'~ embryos (Fig. 7A).
It was significantly thinner in
Sox5//Sox6’- embryos, and very
thin in Sox3"/Sox6™~ embryos.
Thus, Sox5 and Sox6 were both
needed for notochord sheath
formation, andsox6was slightly more

Sox5++ [
Sox6*/*

Sox57 |-
Sox6~"-

v

were still expressed in the lower lumbar region (Fig. 6B). Thémportant tharSox5
differentiation process of mutant inner annulus cells was thus Notochord cells started to bulge in intervertebral spaces
severely delayed, but not blocked. from E13.5 inSox5/Sox6~ embryos, as well as in control
The RNAs for general cartilage markers, such as aggrecdittermates, but mutant cells started to be removed from
(Fig. 6B) and link protein (data not shown), were highlyvertebral bodies between E14.5 and E16.5 with a short delay
expressed in the cartilages of control embryos, but almoselative to control cells (Fig. 7B). This delay coincided with a
undetectable in mutant intervertebral and vertebral cells. Thedelay in cartilage development. By E16.5, control nuclei
RNA for fiboromodulin, which is expressed at high levels inpulposi were fully developing, and its cells were swollen,
inner annulus chondroblasts, was undetectable in mutamthereas nuclei pulposi were underdeveloped in
intervertebral cells (Fig. 6B). This virtual absence ofSox3/Sox6/~ embryos, and its cells were hardly swollen
expression of general and inner annulus-specific chondrobla@tig. 7B,C).
markers revealed that the cells were not only delayed, but alsoAt birth, the nuclei pulposi of control mice appeared as
impaired in their differentiation process. These defects magwollen, translucent structures in skeletal preparations (Fig.
therefore have contributed to remove notochord cells froniD). Those of Sox5"/Sox6"~, Sox5/Sox8* and

intervertebral regions. Sox5'/Sox6'"- mice were less expanded in width, but swollen
and translucent. The nuclei pulposi 6x3/*/Sox6~ and

Sox5 and Sox6 are both needed for notochord Sox5/Sox6/~mice were small, often fragmented and opaque.

development The cells in Sox3/Sox6~ nuclei pulposi were siill

To assess the relative contribution 8bx5 and Sox6to  incompletely swollen (Fig. 7E) and still expressibigh (Fig.
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A Sox5%/*:Sox61/* Sox57-:Sox6~/ Fig. 6.Impaired development Gox5'7/Sox6’~intervertebral

Pax1 mesenchyme. (A) In situ hybridization lBéx1RNA in mid-sagittal
sections of control anBox5/Sox6~embryos in the lower lumbar
vertebral column. At E11.Rax1is expressed in pre-intervertebral

cell condensations in both embryos (arrowheads). At E12.5 and
E13.5,Paxlis expressed in control embryos in presumptive annuli
(arrowheads) and perichondrium (arrows). These expression domains
are wider at E12.5 than at E13.5 in the control, but similar in the
mutant. At E15.5Pax1expression is restricted to outer annuli in
control embryos (asterisk). Box5//Sox6/- embryos Paxlis still
expressed in intervertebral mesenchyme (arrowheads). (B) In situ
hybridization of RNAs for extracellular matrix proteins in mid-sagittal
sections of the cervical region of E15.5 control Sod5"7/Sox67~
embryos. Wild-type inner annulus cells (arrowheads) are
differentiated chondroblasts: they are no longer expre€oifal,

and are expressimygclandFmod Sox5/Sox6/~intervertebral

cells (arrowheads) are still exhibiting an undifferentiated
mesenchymal phenotype: they are expresSwigalat high levels,
andAgclandFmodat low or undetectable levels.

DISCUSSION
Previous studies on the notochord mostly focused on its
formation, function and control in early organogenesis. This

study has mainly focused on the notochord at later stages, when
B Sox5*/*:Sox61/* Sox5---Sox6-/ it directly contributes to vertebral column formation. We have
: shown thatSox5 and Sox6 are not necessary in the early

E15.5 notochord for the formation of a typical rod-like structure, the
expression of the important regulatdoryand Shhgenes, and
Col3at for fulfilling inductive functions. However, they are necessary
at later stages for notochord sheath formation, cell survival and
development of the nuclei pulposi.
Sox5 and Sox6 are required for notochord sheath
formation
Agct Many types of matrix molecules are present in the notochord
sheath, but little is known about their function and gene
regulation. The short tail§) mouse lacks the notochord sheath
(Center et al., 1988), but its genetic alteration is unknown.
The first genetic alterations causing abrogation of
notochord sheath formation were identified in the lam@iin
Fmod and lamininyl genes in the zebrafish (Parsons et al., 2002).
L LamcZXnull mouse embryos die too early (E5.5) to study the
role of lamininyl in notochord sheath formation in this
species (Smyth et al., 1999), but crucial functions of laminin
1 have likely been conserved through evolution. We found that

notochord cells expressmclat the time of sheath formation,
but Lamcl expression is not or hardly affected by the
Sox5/Sox6/~ mutation, ruling out thatSox5 and Sox6
7F), whereas wild-type notochord cells had deactiv&ied mediate notochord sheath formation by controllicgmcl
expression by E15.5 upon transformation into nucleugxpression.
pulposus cells (Fig. 7G). Although the notochord sheath may contain mesenchymal,
The few Sox6~ mice that survived postnatally featured afibrous tissue and basement membranes components, the genes
kinked tail in addition to an overall growth delay (Fig. 7H).for such components were not expressed in wild-type
Histological analysis revealed that the tail kinks were alwaysiotochord cells at the time of sheath formation, and those that
associated with an eccentric, small nucleus pulposus (Fig. 7lere expressed in surrounding tissues were not affected by the
Sox5/~ mice died at birth, buBox5//Sox6’~ mice survived  Sox5'7/Sox6/- mutation. HenceSox5and Soxémust mediate
postnatally and all had a straight tail (data not shown). notochord sheath formation by controlling other genes.
Thus, Sox5and Sox6have mostly redundant functions in  The notochord sheath also contains cartilage matrix
notochord development, b&ox6is slightly more important components. The expression of genes for these components
than Sox5 is partially or severely downregulated iBox5/Sox6'-

E11.5

E12.5

E13.5

E15.5




1144 P. Smits and V. Lefebvre

D  soxst-:soxet/+ Sox5*/-;Sox6*-  Sox5--;Sox6*/*

-

A soxs +/+:Sox6+*  Sox5*-;Sox6+*

Sox5*/+;Sox6- Sox5--:Sox6*-
L i
Sox5-/-

I

E Sox5*/-:Sox6+/+ Sox5+/-;Sox6-/-

>

H e7

Sox6H/'+

I P4  Sox6*/*

chondroblasts (Smits et al., 2001) and we found here that theirgh in notochord and surrounding chondrocytic cells. It is
expression is similarly affected Box5"7Sox6/~ notochord virtually abrogated in Sox5"/Sox6/~ embryos. Mouse
cells.Col2alexpression is partially downregulated. However,embryos that lack either gene develop a chondrodysplasia
as Col2aT’~ mouse embryos have a thick notochord sheatlsimilar to that ofSox5'/Sox6/- embryos, but it has not been
(Aszodi et al, 1998), the notochord phenotype ofdescribed whether they have a similar notochord phenotype
Sox5/Sox6'~ embryos must be caused by the alteredRittenhouse et al., 1978; Watanabe and Yamada, 1999;
expression of more genes. The wild-type notochord sheathrikawa-Hirasawa et al., 1999; Costell et al., 1999).
intensely stains with Alcian Blue, indicating that it containsNevertheless, it is reasonable to propose that these
sulfated glucosaminoglycans. Accordingly, expression of th@roteoglycans have crucial roles both in cartilage and the
genes for the sulfated proteoglycans aggrecan and perlecamistochord sheath, and thabox5and Soxémediate notochord
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Fig. 7. Deficient development of the notochord3ox5/Sox6 observations, however, indicate that notochord cells must have
compound mutants. (A) Histological analysis of notochord sheath a preponderant role in notochord sheath formation. First, we
formation in E12.5 embryos with all combinationsSaix5andSox6 ~ have shown that the notochord sheath starts to form in wild-
wild-type and mutant alleles. The notochord sheath (arrow) bgcomegype embryos before any cartilage matrix in surrounding
thinner as the number of mutant alleles increases. The mutation of fissyes, and later, accumulates evenly in cartilaginous vertebral
Sox6is more detrimental thr_:m thatﬁbxs (B) HIS}O|OgICB/.| analysis bodies and mesenchymal intervertebral areas. Second,
of nucleus pulposus formation in control eak5’~/Sox6 embryos that lackBapx1 (Akazawa et al., 2000Pax1 and

littermates. Mid-sagittal sections were photographed in the thoracic - } .
region. At E13.5, the notochord is starting to bulge in intervertebral Pax9 (Peters et al.,, 1999) fail to form any cartilage matrix

spaces in both embryos (arrows). By E14.5, notochord cells have around the notochord, but appear to form a normal notochord
been completely removed from vertebral bodies (VB) in the control sheath. Finally, we have shown tigaix6is expressed, relative
embryo, but incompletely removed in the mutant (arrow). The to Sox5 at a slightly higher level in notochord cells than in
formation of cartilage matrix is delayed in E13.5 and E14.5 mutant surrounding cells, and that the inactivationSifx6is more
embryos. By E16.5, the notochord has completed its transformationdetrimental for notochord sheath formation than the
into nuclei pulposi in both embryos. The notochord sheath (arrow) ignactivation ofSox5 Based on these data, we believe 8@t5

still visible in the mutant vertebral bodies. The mutant nuclei pulposiznd Sox6mediate notochord sheath formation by controlling
are smaller, eccentric and qften fragmented. IA, inner annulus; IM, extracellular matrix genes mainly in notochord cells.
intervertebral mesenchyme; NP, nucleus pulposus. (C) High-

magnification pictures of nuclei pulposi in E16.5 embryos. Control Sox5 and Sox6 are required for notochord cell
cells are highly swollen, as indicated by a large volume of cytoplas

(white) per cell nucleus (red$ox5'7Sox8"- cells are incompletely "Survival . y
swollen andSox57-/Sox6'-cells hardly swollen. (D) Skeletal Notochord cell death occurs Box5"7Sox6™~ embryos later

preparations of the vertebral column of newborn mice (PO) with than inT-"- (Herrmann and Kispert, 1994)n5a- (Goh et al.,
various combinations @ox5andSoxénull alleles. Non-mineralized 1997) and Danforth’s short tail embryos (Asakura and
cartilages and nuclei pulposi are stained with Alcian Blue, and Tapscott, 1998). However, is expressed at a normal level in
mineralized cartilages and bones with Alizarin Red. Pictures show SOXS_/_/SOXG_/_ notochord cellsltn5ais not expressed in wild-
the L1 _Iumbar vertebra/and flar/1king interv/ertebraLdiscs. The nuclei type notochord cells, and not affected by 8w5-/Sox6/-
g‘c‘)'fsf’,s_;s(z';g)’l’f% igg‘;’;g Ié iggp::gesdoﬁwﬁt(l)wxiar??l?ose of the MUtation in surrounding Ce||?. Ther/efoFéand ltn5a are not
control SoxB/Sox6') mouse. The nuclei pulposi of involved in th_e death o$ox5, 1SOx6’ n_otochord_cells. The
SoxB/*/Sox6- andSox5'-/Sox6'- mice are severely reduced in gene altered in the Dfanforths short tail mouse is unknown.
both width and height, and opaque instead of translucent. Increased apoptosis of notochord cells occurs in mouse
(E) Histological analysis of nuclei pulposi in control embryos with a deletion dfinin the notochord and sclerotome
(Sox53-/Sox67+) andSox5/Sox6- newborn littermates. Mutant (Behrens et al.,, 2003). It occurs at the same stage of
cells are less swollen than control cells. (F) In situ hybridization of development as irBox5/Sox6’~ embryos. HoweverJun
ShhRNA (top) and histological analysis (bottom) of sagittal sectionsdeficient mice form a normal notochord sheath, and most
of control Sox5'7Sox8") andSox5’7/Sox8/~newborn littermates.  notochord cells survive to form nuclei pulposiin must
Pictures show a lumbar intervertebral disc and segments of flankingiperefore act independently 86x5andSox6in the notochord.
vrt]artebrae. NliJC|euS _pulﬁosus cellls|_(|arrows) r;\]r_e s}]ill eépreShih'g The phenotypic comparison be5—/—/Sox6—/—embryos and

the mutant, but not in the control. Hypertrophic chondrocytes - 2 .

(arrowheads) are expressishhin both mice. (G) In situ laminin 1-deficient ;ebraflsh embryos strongly suggests that
hybridization ofShhRNA in cross-sections of wild-type embryos. Sox5 and S_OXG me_dlate notochord cell surV|_vaI essent_lally
Pictures show a presumptive intervertebral disc region and the through their roles in notochord sheath formation. The primary
ventral part of the neural tub®hhis expressed in E13.5 and E14.5 defect of both mutants is the lack of notochord sheath, and
notochord cells (arrows), but no longer in E15.5 nucleus pulposus it is directly followed by notochord cell apoptosis upon
cells (arrow). At all three stageShhis expressed in the neural tube  sclerotome cell condensation. The sheath may act on notochord
floor plate (arrowheads). (H) Picture of 1-week-old (P7) control and cells in one or several ways. It may provide vital cell-matrix
Sox6'" littermates. Th&Sox6'~mouse is developmentally delayed  interactions, store essential growth factors or establish a barrier

and exhibits a kinked tail (arrow). (1) Histological analysis of against death signals or mechanical pressure from surrounding
longitudinal sections through the tail of 4-day-old (P4) control and o \es

Sox6/~mice. Control nuclei pulposi (arrows) occupy the core region

of |nter\(ertebral spaces. Mutant nuglel pulposi are small and IocatedSOX5 and Sox6 are required for proper relocation of
eccentrically, where the tail forms kinks. notochord cells

Sox5/Sox6’- notochord cells are aberrantly removed from

intervertebral areas, while their rates of apoptosis and
sheath formation by controlling these genes and possibly othproliferation are not different between vertebral and
genes in notochord and surrounding cells. intervertebral regions, and mutant sclerotome cells are

The cellular origin of the notochord sheath is unknownnormally condensed and specified. We therefore propose that

Transplantation experiments in zebrafish embryos have shov8ox5/7/Sox6/~ notochord cells may be removed from
that a normal notochord sheath forms when laminin 1-deficienntervertebral regions because of their specific lack of
notochord precursor cells are transplanted into a wild-typaotochord sheath.
embryo, and vice versa (i.e. when wild-type notochord Sox5'/Sox6/~ embryos remove notochord cells from
precursor cells are transplanted into a mutant embryo) (Parsovertebral bodies later than wild-type embryos. Previous studies
et al., 2002). Hence, both notochord cells and surroundinigave suggested that the wild-type notochord is removed upon
cells may contribute notochord sheath components. Othawelling pressure from the vertebral body cartilage matrix. The
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Fig. 8. Sox5andSox6control essential steps in the notochord
and chondrocyte differentiation pathways. Chondrocytes and
notochord cells progress through four major differentiation
steps during development. Major transcription factors known
to control one or several of these steps are indicated.
Biochemical (Shh and noggin) and physical (mechanical
pressure) interactions occur between the two lineages at
several steps. See the end of Discussion for details.

unsegmented by E15.5, even though the earlier

vertebral column is properly patterned, with sclerotome
cells condensing correctly and expressiPaxl As
previously described, the development of vertebral body
cartilage is delayed and impaired (Smits et al., 2001)
such that, by E15.5, it features no hypertrophic
chondrocytes yet, and no growth plates. We have shown
notochord persists in the cartilage-defici@ot2at/-vertebral  here that the differentiation process of inner annulus cartilage
bodies (Aszddi et al., 1998), and in the undifferenti@apx- is similarly delayed and impaired, such that both cartilages
1~ vertebral bodies (Lettice et al., 1999; Tribioli and Lufkin, were indistinguishable by E15.5. Moreover, mutant inner
1999; Akazawa et al., 2000). The delay in removingannulus cells do not activai@nod an abundant marker of both
Sox5/Sox67~ notochord cells from vertebral bodies mustinner annulus and periarticular chondroblasts. We previously
result from the delay in cartilage development. It may also bshowed that periarticular chondroblastSox57/Sox6/-limb
facilitated by the lack of notochord sheath and apoptosis afartilages also fail to activatEmod (Smits et al., 2001).
notochord cells. Therefore, the impaired differentiation ®6x5/7/Sox6/-inner
Wild-type notochord cells are believed to take refuge imannulus cells is a cell-autonomous defect, not a consequence
intervertebral areas upon removal from vertebral bodies, butf notochord defects.
Sox5"7Sox6- notochord cells remain excluded from these
areas and relocate between vertebral bodies and intervertebf#@x5 and Sox6 have redundant roles in notochord
areas. The repositioning of the cells, although ectopic, supporé&velopment
the relocation model proposed for wild-type notochord cellsSox5~ and Sox6’~ embryos have limited notochord defects
and indicates thabox5and Sox6are needed to maintain and compared withSox5/7/Sox6~ embryos, indicating tha&Box5
relocate notochord cells in intervertebral areas. and Sox6 have mostly redundant functions in notochord
development, as in chondrogenesis (Smits et al., 2001).
Sox5 and Sox6 promote nucleus pulposus cell Nevertheless, the analysis of compound mutants has revealed
differentiation that Sox6 is slightly more important tharSox5 for both
Little is known about the genetic program of nucleus pulposusotochord sheath formation and nucleus pulposus
cells. They continue to expreSex5 Sox6andT, but notShh  development. This functional difference between the two genes
They undergo hypertrophy, but do not activate the hypertrophigrobably reflects the fact th&ox6is expressed, relatively to
chondrocyte marke€oll0al(data not shown). Their genetic Sox5 at a slightly higher level in notochord cells than in
program thus only partially overlaps with that of chondrocytessurrounding chondrocytes. This conclusion is consistent with
Sox5/Sox67- notochord cells die before developing nucleithe observation that L-Sox5 and Sox6 have indistinguishable
pulposi, but the nuclei pulposi &ox3/-/Sox6’~ fetuses are DNA binding and transactivation activities in vitro (Lefebvre
severely impaired in their development. They remairet al., 1998).
rudimentary and their cells swell poorly and maint&inh - .
expressionSox5and Sox6are the first genes for transcription S0x5 and Sox6 have critical roles in vertebral
factors shown to be expressed in these cells and needed €&umn formation
their differentiation. This study and our previous study (Smits et al., 2001) have
Hypertrophic chondrocyte differentiation is also impaired inidentified critical roles foSox5andSox6in the transcriptional
Sox5//Sox6'- embryos (Smits et al., 2001). Chondrocytescontrol of notochord cells and chondrocytes (Fig. 8).
activate Cbfal and VEGF, but weakly expres<oll0al The differentiation of early notochord cells does not require
maintain Sox9expression and poorly enlarge. These defectSox5 and Sox§ but requiresT. Shh and noggin, secreted
must be secondary consequences of 8wx5/Sox6'~ by notochord cells, contribute to induce sclerotome cell
mutation becaus&ox5and Sox6are no longer expressed in differentiation into prechondrocyteBapxl Paxl Pax9and
hypertrophic chondrocytes. Similarly, some of the defects ocfox9 act downstream of Shh at this step in the vertebral
Sox37/Sox6/~ nuclei pulposi may be secondary to defects incolumn.
the earlier notochord, or in surrounding inner annuli. Both pathways crucially rely o8ox5and Sox6at the next
) step of cell differentiationSox5and Soxépromote expression
Sox5 and Sox6 promote inner annulus cell of extracellular matrix genes, and are thereby required for
differentiation notochord sheath and cartilage matrix formatiSox5and
The vertebral column oBox57/Sox6/~ fetuses is mostly Sox6are required for proper proliferation of chondroblasts, but

Sox5; Sox6 & (Runx2) i '_8015; Sox6

(Sox9)

Nucleus Pulposus Cells
Nucleus Pulposus Development

Hypertrophic Chondrocytes
Cartilage Maturation
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not notochord cells. By contrast, they are needed for theleaver, O. and Krieg, P. A.(2001). Notochord patterning of the endoderm.
survival of notochord cells, but not chondrobladtsm also is Dev. Biol 234, 1-12.

n for n hor I rvival x9for ch Costell, M‘., Gustafs;on, E., Aszadi, A., Morgelin, M., Bloch, W., Hun;iker,
dﬁ'feec:ggtigtionomc ord cell su al, aBdxdfor chondroblast E., Addicks, K., Timpl, R. and Fassler, R(1999). Perlecan maintains the

. . . . integrity of cartilage and some basement membrahe€ell Biol. 147,
Later, mechanical pressure from cartilage likely induces 1109-1122.
notochord cell relocation from vertebral bodies intoCuniiffe, V. T. and Ingham, P. W.(1999). Switching on the notocho@enes

intervertebral areasSox5and Sox6 promote notochord cell § DCeV- 135 164ﬁ'16§5-L febure, V. and Nakashima, K(2001). Regulat
H At H e Crombruggne, b., Leteovre, V. an akasnima, . Regulatory
differentiation into nucleus pulposus cells. By contrast, mechanisms in the pathways of cartilage and bone formaliam. Opin.

Sox5 and Sox6 prevent chondroblast differentiation into gy gjol. 13 721-727.
hypertrophic chondrocyteRunx2may promote hypertrophic Deutsch, U., Dressler, G. R. and Gruss, P1988). Pax 1, a member of a
chondrocyte maturation in vertebrae (Inada et al., 1999; Kim paired box homologous murine gene family, is expressed in segmented

et al., 1999) an®Gox9m revent chondr te h rtroph structures during developmeiell 53, 617-625.
) ay prevent cho d ocyte hypertrop yEchelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,

(Bl etal, 20_01)' . . . McMahon, J. A. and McMahon, A. P.(1993). Sonic hedgehog, a member
In COﬂC|US|0nSOX5§1ndSOX6haV3 essential funCt|0n_5 in the ~ of a family of putative signaling molecules, is implicated in the regulation
development of cartilage, the notochord and nuclei pulposi. of CNS polarity.Cell 75, 1417-1430.
They are thereby critical transcriptional regulators of vertebrafflemtlngr,] Ad,_Keyntei. Fli- Jl anolf Tann_i;I”A D-(iggli-quzofole of the
H notochord in vertebral column formatiah. Anat. - .
column scaffold formation. Goh, K. L., Yang, J. T. and Hynes, R. O(1997). Mesodermal defects and

cranial neural crest apoptosis in alpha5 integrin-null embBegelopment
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