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Mutations in  SOX9 cause campomelic dysplasia (CD),
a dominant skeletal dysmorphology and XY sex rever-
sal syndrome. The CD phenotype is sensitive to dos-
age and expression levels of SOX9. Sox9 is expressed
during chondrocyte differentiation and is up-regulated

in male and down-regulated in female genital ridges
during sex differentiation. In order to study the sex-
and tissue-specific regulation of Sox9, we have de-
fined the transcription start site and characterized the
mouse Sox9 promoter region. The Sox9 proximal pro-
moter shows moderately high nucleotide similarity be-
tween mouse and human. Transient transfection ex-
periments using various deletion constructs of the 6.8

kb upstream region of mouse  Sox9 fused to a lucifer-
ase reporter showed that the interval between 193 and
73 bp from the transcription start site is essential for
maximal promoter activity in cell lines and in primary
male and female gonadal somatic cells and liver cells
isolated from 13.5 d.p.c. mouse embryos. This minimal
promoter region was shown by DNase | hypersensitive
site assay to be in an ‘open’ state of chromatin struc-
ture in gonads of both sexes, but not in the liver. Pro-
moter activity was higher in testis than in ovary and
liver, but deletion of the region from —193 to —73 bp
abolished this difference. We conclude that the proxi-
mal promoter region is in part responsible for the sex-
and tissue-specific expression of the Sox9 gene and
that more distal positive and negative elements con-
tribute to its regulation  in vivo , consistent with the ob-
servation that translocations upstream from SOX9can
result in campomelic dysplasia.

INTRODUCTION

in human SOX9 cause campomelic dysplasia (CO)2j, a
disorder characterized primarily by defects of the skeleton, but
also affecting the development of the testes, kidneys, heart and
brain. Sox9is expressed in mesenchymal condensations prior to
and during chondrogenesi’) @nd has been shown to activate
Col2al, the gene encoding type Il collagen, the major component
of the cartilage matrix4(5). More recently, SOX9 has been
shown to regulate the genes encoding aggre)sam(l type XI
collagen {) and may also regulate other structural and/or
patterning genes involved in cartilage and bone development.

Male to female sex reversal is found iii5% of XY CD
patients, indicating an additional role f8ox9in the testis-
determining pathwayox9is more highly expressed in male than
female genital ridges in mouse, chicken and turtle embryos,
suggesting thaBox9is a fundamental sex-determining gene
common to all vertebrates310). The timing and sexually
dimorphic expression indicates tl&atx9is downstream frorBry
in mammals, but expression in chick and turtle gonads must be
independent oSry, which is lacking in these species. Further-
more, the expression 8bx9in chondrogenic condensations and
in the central nervous system, notochord and kidney in mouse
embryos 8,8) implicates multiple positive or negative pathways
in Sox9regulation during embryogenesis.

Campomelic dysplasia with sex reversal is caused by mutations
in, or translocations around, one copyS@Xo It is clear that
threshold levels of SOX9 activity are critical for normal function.
An understanding of the sex- and tissue-specific regulation of
Sox9is therefore central to a molecular analysis of the sex-
determining and chondrogenic pathways and will provide a basis
for searching for regulatory mutations in non-translocation cases
of CD for which a structural mutation cannot be found.

As a first step towards understanding the molecular mechan-
isms of Sox9regulation, we have characterized the m@&med
promoter and flanking genomic regions in mouse fetal tissues and
cultured cells. We find that a 120 bp region close to the
transcription start site is associated with maximal promoter
activity. This region contributes to, but does not fully account for,
the sex- and tissue-specific expressid@{seenn vivo. These

The Sox9gene encodes a transcription factor that is critical fofindings implicate the involvement of more distal regulatory
chondrogenesis and testis determination in vertebrates. Mutaticglements in addition to those in the proximal promoter.
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Sox9is strongly expressed in mouse fetal testes and limb bt Ty Se COMhKe

chondrocytes3,8,9). In order to delimit the promoter of mouse
Sox9 we mapped genomic clones in Bex9region (Fig.1A) .‘ic_l_,.—'.\'1|.-r|—h PE primer Ky . He ™ ks
and determined the transcription start site in both tissues. Prirr B — ———
extension experiments using 11.5 d.p.c. limb bud RNA indicate T probe A

transcription start sites 363—360 bp upstream from the first ATC probe B

with the strongest band at —361 bp (FiB). This position is

similar to that in the huma®0OX9gene reported previously (Fig. B

2; 2). RNase protection assays using a probe spannirgpttte

promoter confirmed this result. Protected fragments of equal si:

were detected in both 11.5 d.p.c. limb bud and 13.5 d.p.c. tes

RNA (Fig. 1C). In the ovarian sample, protected bands could b
detected at the same position by longer exposure of tt CTAG
autoradiograph (data not shown). Since no intron splicin T pesseoceas a
acceptor consensus sequences are found around this region,

conclude that the gonad- and chondrocyte-specific expression =530
Sox9utilizes the same transcription start site and is regulated v ]
the same promoter.
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Previous studies hav_e shown that the_ sex and tissue-spec & U —
expression oSox9during embryogenesis is conserved amon¢ = !
human, mouse and chick,§,9). Some evolutionary conserva- # ' —iss S, 1704

tion of important regulatory sequences is therefore expected — . Actin
. Primer extension RNase protection

In order to compare the nucleotide sequences upstream of tiic
transcription start site, we isolated human and cl8ck9
genomic DNAs by library screening or PCR. This region WasSrigure 1. Identification of theSox9transcription start site A) Schematic
moderately conserved between human and maueé4; Fig2). representation of the-fegion of mous&ox9 The box indicates tH8ox9gene
Comparison with the chick upstream sequence revealed thrdghaded box, ORF; black box, HMG box) and the arrow indicates the position
conserved elements (two CCAAT boxes and a TATA box), thé"; dtgr?uctlf :;‘sg;‘ggnshim &?-ERESS%’F}LO% r?('jtﬁls égf }Q;Janflif)gi égﬁf”aion
positions and Onentatlon of which were Cons_er\_/ed' S,UQQeStmﬁh, Nhd; Ks, Ksp; Hc, Hincll). éoiid Iines' re’preseni pro’bes u,sed’in R’Nase
that these elements are |mp0rtant30x9transcr|9t|on (Fig2). protection and northern blot experiments. The primer position used in the
The mouseSox9 promoter also contains putative GATA and primer extension experiments is indicated by the arrowhead (PE priBjer). (
CREB transcription factor binding sites, some of which arePfimeli extf\“Sion ?ﬁpe“tmfﬁtsf- Th% left lerJ‘fSL?ng‘vLS S?OW the Sequencf_'ah%iﬂ as

; ; P ; a marker. Arrows indicate the four bases inSb9upstream sequence (rig
conserved (F|g2). We also CheCk.ed for pQSS|b|e blndlng sites fc.’rimplicated as transcription start sites, the largest arrow corresponding to the
SRY, DAX1, SF-1 and_WT-l, Wh'Ch function as key regulators Mmost commonly used start sit€) (RNase protection assay performed using a
the male or female differentiation pathway of mammalian sexs2 basesox9probe (probe A). The expected 310 base protected fragments
determination j(1_15)_ Of these, only one putative SRY/SOX9 (arrow) were detected in the limb bud and testis RNB¥.Northern blot
binding site (CACAAT) was found in mouse and human @lg analysis (probe B) showingox9mRNA expression in mouse fibroblast cell

72" _lines and embryonic tissues. The lower panel shows the same blot hybridized
The mouse an,d_ human qutrea,m Sequences, also Contalrha} (Cﬂ% h ap-actin probe and the numbers at the bott8ox@Actin) indicate the
repeat, an additional motif to which SRY protein reportedly bindssoxgexpression level relative to that of actin (the releBigr9mRNA amount
(16). These observations suggest that DAX-1, SF-1 and WT-1 atie the 13.5 d.p.c. testis was set as 1).
not directly involved inSox9transcriptional regulation via the
proximal promoter and are compatible with the hypotheses that
SRY may regulat&ox9transcription an&ox9may be transcrip- site located in the region immediately upstream of Sb&9

tionally autoregulatory. promoter, around th8ad and Nhd sites at —193 and —73 bp,
respectively (Fig3). The same hypersensitive site was detected

Open chromatin structure immediately upstream of the in male gnd female gonadal somatiq cellsand in 10T1{2 e_md 3T3

Sox9promoter cells which expresSox9 but not in liver cells. These findings

implicate the region around tigad andNhd sites in theSox9
Itis generally accepted that local chromatin structure affects gepeomoter in accessibility to regulatory factors.
transcription {7). We used DNase | hypersensitivity assays to A more extensive search in the regions from —8.6 to —4 kb and
reveal regions of open chromatin around3bg9gene that could from +1.4 to +10 kb revealed no additional DNase | hypersensi-
interact with positive or negative regulatory factors (. tive sites (data not shown). We conclude that DNase | hyper-
Assay of genomic fragments between —4 and +1.4 kb from tlsensitive sites in the range from —8.6 to +10 kb oBitne9gene
transcription start site revealed a single DNase | hypersensitiage restricted to the proximal promoter region.
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mouse CATCGARAAGTCCEGGTEEEEECTTETCCACGCECCTAGTCTAGACACGCTECGCGTGCALC ~395

human GAAAGATATGTGGEGGGEEEGGETCGT —————— TCTTTGTATAGACACACACACGTGGGC -339
«<Am

mouse GCECACACACACACACACACACACACATACACACACACACACACACACACACACACACAC -335

human --GCACACACACACACACACACACE ———————————-—————————————————————— 315

mouse ACATCEGCTTCACACCEAGACCETTECRAAACTGIGACATTCCGAGAGTAGAGAGCARRCT 275

human ————-— GATTTGGGCEGEGAGGAGGCACTARAATTTIGGCATTCCGAGAGTACG—-ACAARAT -262

mouse TACACACTCGGACEGTCCCEEGTCCCCCEGETTGECCCECCCCCCCCTCCARGTCCCCTCAC 215
human TACACAATTEGGAAGTCCCGEGETCCCCCGCCITCCCCGEAGCACCCCCC--GCCCCCCCAC -204

SacI CREB

mouse CCCACCATCCACCCTCTGGCT-GAGCTEECCTCCCTICTCCTCCCCTCCTEGTCTCGTCAC -156
human CCTACCGTCCGCCCTTIGGCTGEGEATCCCCTCCCCITICCTCCCCTCCCEGCCTCEGTCAC ~144

SRY-like GAAT2 GATA-1
mouse ccRlacccc CaAnT GCCC TT' VY. { (e{elkCCAATCE elode] T 96
human CCR\GCCC T CAATC T e T s — — —— cC . (e{ebiiCCARATCh clahye -89
chick GTIRMGTTGECEC GTCG —===C [ae] GCGC WEVACCALTCelMenne -ehedd
HhaIGATA:.l_...%..-
mouse GATGACTC AGCC-GTGE: Cladas & ¥t B NCG —-— 39
human GG-GACTGCT T e{ee — — — —— GT Cleleleyy = Aelel N — — -39
chick C 3 CCG——————— GECCGCCCY &SGCGAGC TGMCGRIGCC T -390]
Exon 1
mouse : +12
human +14
chick =341

Figure 2. Nucleotide sequences and putative regulatory elements of the pBatB@oximal promoter regions in mouse, human and chicken. The shaded and black
boxes indicate mouse/human and mouse/human/chick homology, respectively. No appreciable similarity to the chick sequenttewtsiddcthe region shown.

The three elements conserved among the three species (two CCAAT boxes and a TATA-like sequence) are indicated by #widditesveis elements are
indicated by broken lines. Arrows show the transcription start sites of the mouse (this study) and human (2) genes. Mmasesaggibénces are numbered relative

to their major transcription start site; chick numbering is relative to the first methionine codon (ATG) of the ORF.

Expression levels 050x9mRNA in fetal tissues and ized to LacZ expression levels, to control for plasmid copy
cell lines number in each well, and to luciferase expression levels obtained
] ] ) ] ] ) using a3-actin—luciferase construct, to control for differences in
As a basis for interpreting transfection studies uSmxfreporter  transfection efficiency between cell types.
constructs, we next examined the expression leBEx8mRNA High levels of luciferase reporter activity were observed in both
in cells and tissues used in this study. Northern blotting detectg@T1/2 and L-3T3 cells using the full-length (6.8 kb) construct
two major Sox9transcripts of 5.5 and 2.3 kb (Fi§D). Sox9  GL6.8-Luc and progressive deletions to Bed site in the
MRNA was found to be expressed at high levels in the limb bl{f’roximal promoter at —193 bp (pSc-Luc; Fi#A). However,
and 10T1/2 cells, which can be induced to chondrogenesis ung@iietion of the region from —193 bp to tNad site at —73 bp
appropriate culture conditions (S. Wheatley and P. KoopmagsNh-Luc) almost completely abolished expression of the
unpublished data)Sox9 expression in the male gonad wasreporter construct. A further deletion to Sid site at +251 bp
2.5-fold higher than that in the ovary, in agreement with publisheg the 5-untranslated region @WTR) (pSm-Luc) abolished the

data @). L-3T3 cells showed a low level Gox9expression yemaining weak Iuciferase activity to a level similar to that of the
similar to that in the ovary, while no expression was detectable jpgative control pGL-b-Luc.

liver, even by RT-PCR analysis (data not shown). Similar results were obtained by transfection of these contructs
into male and female gonadal somatic cells and liver cells

Localization of the minimal promoter containing obtained directly from mouse fetal tissues (BB). These data

tissue-specific regulatory elements indicate that the region from —193 to —73 bp is essential for

maximumSox9promoter activity in a range of cell types. This
In order to localize regulatory sequences in tHabking region  region corresponds well with the DNase | hypersensitive site
of mouseSox9 transient transfections were performed usingletermined in these cells.
various lengths oSox9upstream DNA (starting at —6.8 kb to  Promoter activities in 10T1/2 cells and testis were consistently
+251 bp and ending at +315 bp relative to the transcription stdrigher than those in L-3T3 cells, liver and ovary (BjgDeletion
site) fused to a luciferase reporter. These constructs wepé the Sad—Nhd (-193 to —73 bp) region abolished this
co-transfected with a pEF-LacZ reporter. Results were standardifferential. These data suggest that some of the sex and tissue
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Figure 3.DNase | hypersensitive site analysts. $chematic diagram showing
theSox9promoter region and fragments used as proBe&)(Nuclei from the i ) ] ] ]
various cells (10T1/2, L-3T3 and testis, ovary and liver cells collected from 13.5 Figure 4. Promoter analysis using transient transfectiorBa%9 promoter
d.p.c. embryos) were treated with increasing amounts of DNase | (left to right, constructs.4) Transfection of 10T1/2 and L-3T3 cell lineB) transfection of
shown by triangles) or no DNase (left lane in each panel). After DNA extraction gonadal somatic cells and liver cells isolated from the 13.5 d.p.c. embryos.
and digestion witlEcoRI andSal, they were hybridized with probe C, Dor E.  Constructs contained various amounts 'dfidiking DNA (indicated at left)
Arrowheads indicate the originbx9band [3.8 kkiEcdRI-Sal fragment, (B) and terminated at a commoRedid Ksp site, Ks, +315 bp). Each luciferase
and (C); 1.6 kiEcaRI fragment, (D)]; arrows show novel bands due to DNase activity was measured, normalizedXgalactosidase values for the co-trans-
| cleavage [1.4 kb, (B); 2.2 kb, (C); none, (D)]. The sizes of these bands indicatefected construct pEF-LacZ (to control for copy number differences) and
asingle DNase | hypersensitive site at the position indicated by an arrow in (A). Standardized to values obtained usifiApuc (to control for transfection
DNA markers are shown as bars at the left of (B), (C) and (D) (12.0, 4.0, 3.0, €fficiency; (BA-Luc = 1). Promoter activity was localized to the region of the
2.0,1.5,1.0 and 0.5 kb). Sad andNhd sites at —193 and —73 bp (arrows). Values obtained using pSc
were significantly different from those obtained using pNh for 10T1/2, 3T3,
fetal testis, fetal ovary and fetal liver cels< 0.00002, 0.0004, 0.002, 0.0001,
. . . . . 0.02, respectively, using a two-sample equal varidiest). Cell type- and
specificity of Sox9 expression is due tois elements in the sex-specific differences between values obtained using pSc (10T1/2 versus
proximal promoter, between —193 and —73 bp from the transcripsT3, P = 0.0002; testis versus ovaR/= 0.02; testis versus liveP,= 0.067)
tion start site. were not seen using pNh (10T1/2 versus $I3,0.3; testis versus oval,=
0.6; testis versus livel?, = 0.16). Bars represent means and standard errors of
measurements from four (A) or three (B) independent transfection trials.

DISCUSSION

Sox9is expressed in a complex sex- and tissue-specific manner

during embryogenesis,g8,9). Further, heterozygous mutations

in humanSOX9 including translocations affecting expressionanalysis showed expression levels Six9 4-fold higher in

levels, lead to XY sex reversal and skeletal dysmorphology ih0T1/2 compared with L-3T3 cells and 2.5-fold higher in testis

campomelic dysplasia patienisd). These observations indicate than ovary, whereas differences in mean luciferase reporter

that the regulation dox9expression is complex and critical for activities these cell and tissue types were substantially smaller.

normal development. These findings suggest the involvement of some other regulatory
In order to study the regulation 86x9 we have localized and mechanisms that could not be demonstrated by the present

characterized the promoter region using a variety of moleculéuciferase assam vitro.

strategies. Our data suggest that a 120 bp region located near ti@ne possible mechanism is regulation at the level of chromatin

transcription start site is essential for maximal promoter activityorganization, which we investigated using DNase | hypersensitiv-

This region was found to drive higher levelsSaix9expression ity assays. Although the activity of transfect®dx9promoter

in testicular than in ovarian somatic cells and liver cellsconstructs was similar in liver cells to that seenin L-3T3 cells and

implicating this interval in sex- and tissue-specific regulation obvary, the promoter region is in a closed chromatin conformation

Sox9 These findings will serve as a basis for further studies aimed liver tissue and therefore likely to be inaccessible to

at identifying thecis-regulatory elements within this region and trans-acting factors, resulting in the inactivity 86x9transcrip-

for investigating whether mutations in this interval underlie som#on in the liver. However, in gonads of both sexes and in 10T1/2

cases of CD. and L3T3 cells, this minimal promoter region was in an open state
Despite the importance of the promoter region, it appears that chromatin structure. No sex- and cell-specific differences in

promoter activity alone is not sufficient to account for tissuebNase | hypersensitivity were detected. Therefore, it appears that

specific differences irSox9 expression levels. Northern blot an open chromatin structure is necessansOtranscription,
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but not sufficient for sex- and tissue-specific regulation of itprobe (probe A) was isolated from the acrylamide gel, the probe
transcription level. was hybridized with 1Qug of each total RNA sample or yeast
It seems likely that more distal enhancer/silencer elements &RNA at 45 C for 12 h. After digestion with RNase A and T1 for
necessary for complete tissue-specific regulation ofSted 30 min at 37C, the protected fragments were analysed on a
gene. Since we could not detect any hypersensitive sites otliematuring 5% acrylamidexITBE sequence gel. For northern
than that in the proximal promoter region in the range from —8M8lot analysis, 2Qg of each extract were denatured in formamide—
to +10 kb of theSox9locus, these regulatory elements may bdormaldehyde buffer, electrophoresed in 1% formaldehyde—
present outside this interval. In some CD patients, translocati@garose gels and transferred to a nylon membrane. Blots were
breakpoints map at considerable distances (up to 950 kb) from thygbridized with appropriaté2P-labeled RNA probe at 78.
SOX9gene, with no other gene sequences being found in tHiglters were finally washed with XI5SC, 0.1% SDS at 76 for
interval (L8). Recent studies in transgenic mice bearing fragmenifsh and autoradiographed. The signal intensity was measured with
of a humarBOX9YAC indicate that regulatory elements driving a Bio-Rad (Hercules, CA) imaging densitometer (model
expression oSOX9to various skeletal elements are scatteredS-700).
through a 350 kb region upstream of 8@X9locus in humans
(19). Interestingly, the same study failed to locate sex- anDetection of DNase | hypersensitive sites
tissue-specific elements in human SOX9 that drive expression in ) i
the gonads of transgenic mice. If regulatory elements of the Gonads and liver tissues were collected from 13.5 d.p.c. mouse
Sox9 gene are similarly scattered in mice, their complet€Mbryos, treated with 0.05% trypsin, 200 IU/ml collagenase in
identification will present a formidable challenge. phosphate-buffered saline (PBS)/EDTA atGior 10 minand
dissociated by repeated pipetting until a single cell suspension
was achieved. After the viability (>95%) was checked by trypan
MATERIALS AND METHODS blue staining, the cells were plated onto 10 cm dishes and
Genomic library screening and sequencing incubated in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum (FCS/DMEM) for 12 h. After washing with
MouseSox9genomic clones were isolated in our previous stBdy ( PBS several times for the removal of non-attached cells (i.e. blood
Chick Sox9genomic DNA clones were isolated from the Clontecttells in the liver and germ cells in the gonads), nuclei of the
(Palo Alto, CA) chick genomic libraries using a chi®x9%cDNA  attached cells were isolated by homogenization of the cells in
probe @). HumarSox%'-flanking genomic DNA was identified by Nonidet P-40 (NP-40) lysis buffer (10 mM Tris—HCI pH 7.4, 15
PCR using a promoter walker kit (Clontech) in combination wittimM NaCl, 60 mM KCI, 0.5 mM DTT, 1 mM EDTA, 1 mM
two humanSOX9 reverse primers: "82GTCGGCCGGCTAC- EGTA, 0.5 mM spermidine, 0.5% NP-40, 10% sucrose) accord-
CGCGGCGAGCACTTA-3and 5GTGGCCAGTTCACAGCT-  ing to Wu's method 43). After addition of CaGl and MgCh
GCCCGCTCCAAGT-3(2). All genomic DNA clones and PCR (final concentrations 0.4 and 2 mM, respectively) into the nucleus
products were sequenced using the ABI Prism dye terminator cygleémples, various concentration of DNase | (015 1U/ml) were
sequencing reaction kit. Nucleotide sequences were aligned by usingubated in the nuclear suspensions &C3%r 15 min. An
the ClustalW multiple sequence alignment prograf). (Putative  aliquot of 5 or 1Qug of each isolated DNA was digested with
transcription factor binding sites were defined by the TFSEARCldppropriate restriction enzyme, electrophoresed in 0.8% agarose

program 21) or from published papers. gels and transferred to a nylon membrane. Blots were hybridized
with each appropriaté?P-labeled DNA probe at 88. Filters
RNA extraction and primer extension were washed with 02SSC, 0.1% SDS at 8& for 60 min and

] ) autoradiographed. About 30-40% of the male gonadal somatic
Total RNA was extracted from various fetal tissues and 10T1/2 apd|ls attached on the dish were identified as Sertoli cells by

L-3T3 cells by the guanidinium thiocyanate methad).( For  immunofluorescence staining with anti-SOX9 antibagly (

primer extension, 2g of 11.5 d.p.c. limb bud total RNA or the

control yeast RNA were separately annealed with 10 pmol of th€ynstruction of reporter plasmids, cell culture,

$2p-end-labeled primer (SCCACTTGCACCTCGTCTCTCTT-  yanfection and luciferase activity assay

GCAAAGA-3', +80 to +109 bp from transcription start site) at

72°C for 40 min, and cDNA extension was carried out &C4@r  TheSal (in vector)Ksp fragment (from —6.8 kb to +315 bp) of

40 min by the addition of AMV reverse transcriptase. The extensidhe mouseSox9 genomic DNA was cloned upstream of the
fragments were analysed on a denaturing 8% acrylamideBE  luciferase gene in pGL3-b-Luc (pGL6.8-Luc). Various 5
sequencing gel. As a marker, sequencing samples of the Box@se deletion constructs of pGL6.8-Luc [pE4.0. pE2.4, pSc, pNh and
genomic DNA clone produced with the same primer wer@Sm-Luc, possessing a commdreBd Ksp site at +315 bp)]
electrophoresed on the same gel. The sequencing gel was autoradiece made by digestion with each restriction enzyme and
graphed with X-ray film (Fuiji Film, Tokyo, Japan). self-ligation (Fig.1). The junction of the inserted DNA in each
reporter plasmid was checked by sequencing. pEF(elongation
factor promoter)-LacZ was co-transfected as an internal control
for plasmid copy number andBA(B-actin promoter)-Luc

The DNA fragments corresponding to probe A or B (B#)  construct (a gift from Dr A. lan Cassady, CMCB, University of
were subcloned into pBluescript. Each clone was linearized wifQueensland) was used as a control to standardize for transfection
the appropriate restriction enzyme and antisense RNA probefficiency. 10T1/2 and L-3T3 cells (0561 cells/1 cm well)
were generated kiy vitro transcription usingd-32PJUTP with  were seeded 1 day before transfection. Primary cultures of 13.5
T3 or T7 RNA polymerase (Boehringer Mannheim, Mannheimg.p.c. gonadal somatic cells and liver cells were plated at a density
Germany). For RNase protection assay, after the full-length RN&f 2.0x 1P cells/1 cm well as described above. After incubation

RNase protection assay and northern blot analysis
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in FCS/DMEM for 12 h, the cells were washed with medium 7. Bridgewater, L.C., Lefebvre, V. and de Crombrugghe, B. (1998) Chondro-
several times to discard the non-adherent cells. Transfection was ¢yte-specific enhancer elements in @el11a2gene resemble tfgol2al
performed using DOTAP or Fugene-6 reagent (Boehringely
Mannheim). Luciferase reporter plasmid (3.3 mM, 142pand
pEF-LacZ (0.33 mM, 0.jug) were transfected into the cells on

1 cm dishes. After incubation for 48 h, luciferaseugdlactosi- 9
dase activities were assayed as described previdsglyHach
luciferase value was normalizedX@alactosidase as an internal
control for copy number and the relative luciferase activity ofo.
pBA-Luc was set at 1 as standard promoter activity.

11.

ACKNOWLEDGEMENTS

Josephine Bowles, Mats Nilsson, Paul Buxton, Susan Wheatlay,
Jill Kent, Andy Greenfield, Murray Hargrave, David Pennisi and
Aaron Schindeler and Dr Hirokazu Fujimoto (Mitsubishi Kasei4-
Institute of Life Sciences) for their advice and help with this work.
We thank Jennifer Gardner and Jacqueline Emery for their help
with isolation and sequencing 6x9genomic DNAs, Shayama 15.
Wijedasa for secretarial and technical assistance and Laura
Martin for help with statistical analyses. This work was supportefl8
by the Australian Research Council and the National Health and’
Medical Research Council of Australia.

17.

REFERENCES

1.

18.
Foster, J.W., Dominguez-Steglich, M.A., Guioli, S., Kwok, C., Weller, P.A.,
Stevanovic, M., Weissenbach, J., Mansour, S., Young, I.D., Goodfellow, P.N.,
Brook, J.D. and Schafer, A.J. (1994) Campomelic dysplasia and autosomal
sex reversal caused by mutations in 2RYrelated geneNature 372 19.
525-530.

. Wagner, T., Wirth, J., Meyer, J., Zabel, B., Held, M., Zimmer, J., Pasantes, J.,

Bricarelli, F.D., Keutel, J., Hustert, E., Wolf, U., Tommerup, N., Schempp, W20.
and Scherer, G. (1994) Autosomal sex reversal and campomelic dysplasia are
caused by mutations in and around 8iYrelated gene&SOX9 Cell, 79,
1111-1120.

. Wright, E., Hargrave, M.R., Christiansen, J., Cooper, L., Kun, J., Evans, 1.

Gangadharan, U., Greenfield, A. and Koopman, P. (1995SHaelated
geneSox-9is expressed during chondrogenesis in mouse emigpbsre
Genet, 9, 15-20.

. Bell, D.M,, Leung, K.K.H., Wheatley, S.C., Ng, L.J., Zhou, S., Ling, K.W.,,

Sham, M.H., Koopman, P., Tam, P.P.L. and Cheah, K.S.E. (1997) SOX2p.
directly regulates the type-II collagen geNature Genet 16, 174-178.

. Lefebvre, V., Huang, W., Harley, V.R., Goodfellow, P.N. and de Crom-

brugghe, B. (1997) SOX9 is a potent activator of the chondrocyte-specifi3.
enhancer of the pro alphal(ll) collagen géal. Cell. Biol, 17, 2336-2346.

. Sekiya, |., Koopman, P., Watanabe, H., Ezura, Y., Yamada, Y. and Noda, 4.

(1997) SOX9 enhances aggrecan gene expression via the promoter region
containing a single HMG-BOX-sequence in a chondrogenic cell line, JIC6.
Bone Miner. Res12, 222.

tissue-specific enhancer. Biol. Chem 273 14998-15006.

Kent, J., Wheatley, S.C., Andrews, J.E., Sinclair, A.H. and Koopman, P.
(1996) A male-specific role for SOX9 in vertebrate sex determination.
Developmentl22 2813-2822.

Morais da Silva, S., Hacker, A., Harley, V., Goodfellow, P., Swain, A. and
Lovell-Badge, R. (1996)S0x9 expression during gonadal development
implies a conserved role for the gene in testis differentiation in mammals and
birds.Nature Genet 14, 62—68.

Spotila, L.D., Spotila, J.R. and Hall, S.E. (1998) Sequence and expression
analysis of WT1 and Sox9 in the red-eared slider tdidéehemys scriptal.

Exp. Zool, 281, 417-427.

Greenfield, A. and Koopman, P. (198&Yand mammalian sex determina-
tion. Curr. TopicsDev. Biol, 34, 1-23.

. . . 12. Capel, B. (1995) New bedfellows in the mammalian sex-determination affair.
We wish to thank our colleagues Masami Kanai-Azuma, P (1995)

Trends Genetl11, 161-163.

Schafer, A.J. and Goodfellow, P.N. (1996) Sex determination in humans.
Bioessaysl8, 955-963.

Nachtigal, M.W., Hirokawa, Y., Enyeart-VanHouten, D.L., Flanagan, J.N.,
Hammer, G.D. and Ingraham, H.A. (1998) Wilms’ tumor 1 and Dax-1
modulate the orphan nuclear receptor SF-1 in sex-specific gene expression.
Cell, 93, 445-454.

Swain, A., Narvaez, V., Burgoyne, P., Camerino, G. and Lovell-Badge, R.
(1998) Dax1 antagonizesSry action in mammalian sex determination.
Nature 391, 761-767.

Vriz, S., Griffiths, B.L., Harley, V., Goodfellow, P. and Lovell-Badge, R.
(1995) The SRY protein, like HMG 1, recognizes (CA)n sequences, an
abundant repeat sequence in vertebrad@chem. Mol. Biol. Inf 37,
1137-1146.

Felsenfeld, G. (1992) Chromatin as an essential part of the transcriptional
mechanismNature 355 219-224.

Wirth, J., Wagner, T., Meyer, J., Pfeiffer, R.A., Tietze, H.U., Schempp, W. and
Scherer, G. (1996) Translocation breakpoints in three patients with campo-
melic dysplasia and autosomal sex reversal map more than 130 kb from
SOX9.Hum. Genet 97, 186-193.

Wunderle, V.M., Critcher, R., Hastie, N., Goodfellow, P.N. and Schedl, A.
(1998) Deletion of long-range regulatory elements upstre8D#Pcauses
campomelic dysplasi&@roc. Natl Acad. Sci. USA5, 10649-10654.
Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and weight
matrix choiceNucleic Acids Res22, 4673-4680.

Heinemeyer, T., Wingender, E., Reuter, |., Hermjakob, H., Kel, A.E., Kel,
0.V, Ignatieva, E.V., Ananko, E.A., Podkolodnaya, O.A., Kolpakov, F.A.,
Podkolodny, N.L. and Kolchanov, N.A. (1998) Databases on transcriptional
regulation: TRANSFAC, TRRD and COMPENucleic Acids Res26,
362-367.

Chirgwin, J.M., Prybyla, A.E., MacDonald, J.R. and Rutter, W.J. (1979)
Isolation of biologically active ribonucleic acid from sources enriched in
ribonucleaseBiochemistry18, 5294-5299.

Wu, C. (1989) Analysis of hypersensitive sites in chromatiethods
Enzymal, 170, 269-289.

Kanai, Y., Kanai-Azuma, M., Noce, T., Saido, T.C., Shiroishi, T., Hayashi, Y.
and Yazaki, K. (1996) Identification of tvBox17messenger RNA isoforms,
with and without the high mobility group box region and their differential
expression in mouse spermatogenesi€ell Biol., 133 667-681.



