Biochem. J. (1995) 308, 433—440 (Printed in Great Britain)

433
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Seven genomic clones for mouse aggrecan core protein have been
isolated including 3 kb of 5’- and 7 kb of 3’-flanking sequences.
All exon sequences and their intron boundary sequences in these
clones were identified and mapped by DNA sequencing. The
gene spans at least 61 kb and contains 18 exons. Exon 1 encodes
5’-untranslated sequence and exon 2 contains a translation start
codon, methionine. The coding sequence is 6545 bp for a 2132-
amino-acid protein with calculated M, = 259131 including an
18-amino-acid signal peptide. There is a strong correlation
between structural domains and exons. Notably, the chondroitin
sulphate domain consisting of 1161 amino acids is encoded by a
single exon of 3.6 kb. Although link protein has similar structural

domains and subdomains, the sequence identity and the organ-
ization of exons encoding the subdomains B and B’ of G1 and
G2 domains revealed a strong similarity of mouse aggrecan to
both human versican and rat neurocan. Primer extension analysis
identified four transcription start sites which are close together.
The promoter sequence showed high G/C content (659%) and
contained several consensus binding motifs for transcription
factors including Sp-1 and the glucocorticoid receptor. There are
stretches of sequences similar to the promoter region of both the
type-II collagen and link protein genes. These sequences may be
important for cartilage gene expression.

INTRODUCTION

Aggrecan, a large aggregating proteoglycan, is one of the major
structural constituents of cartilage. Aggrecan forms aggregates
with hyaluronic acid. Link protein, a small glycoprotein which
shares structural similarity with the N-terminal region of
aggrecan, stabilizes the aggregates by interacting with both
hyaluronic acid and aggrecan. The aggregates have a unique gel-
like property and function to resist compression and deformation
(for review, see [1,2]). A deficiency of aggrecan has been de-
scribed in cartilage of cmd (cartilage matrix deficiency) mice which
are characterized by a cleft palate and short trunk, limbs and
snout [3]. Similar defects are also found in chick nanomelia [4].

Aggrecan consists of a protein core of approximately 220000-
M, which is extensively modified by covalently attached glycos-
aminoglycan side-chains and oligosaccharides. Biochemical
studies have demonstrated many of the properties of this
proteoglycan, including its binding to hyaluronic acid via an N-
terminal globular region [S] and its extensive modification with
chondroitin sulphate (CS) (up to 100 chains per monomer),
keratan sulphate (KS) and other oligosaccharides [6]. cDNA
cloning and sequencing studies have yielded a complete deduced
primary structure for aggrecan from various species such as rat
[7], human [8], chicken [4,9,10] and a partial one for mouse [11]
which provide a structural model for aggrecan (for review, see
[12]). Aggrecan has three globular domains (G1, G2, G3), and two
glycosaminoglycan attachment domains (KS and CS domains)
located between G2 and G3. The two globular domains, G1 and
G2, comprise the N-terminus of the proteoglycan, while G3
makes up the C-terminus. G1 has hyaluronic acid-binding activity
and interacts with link protein. G2 is similar to both G1 and link

protein, but its function is still unknown. G3 is a complex
structure containing epidermal growth factor (EGF)-like, lectin-
like and complement regulatory protein (CRP)-like domains.
The CS domain provides a number of attachment sites for CS,
which enables retention of water in cartilage tissue. A short
proline-rich sequence proximal to the CS domain has been
shown to be the region most densely substituted with KS and is
designated the KS domain. Similar domain structures are found
in other proteoglycans such as versican [13,14] and neurocan
[15,16]. Whereas cDNA data are available from different species,
only partial structures of the aggrecan gene have been reported
for rat [17] and chicken [18].

In the present study, we isolated the mouse aggrecan gene
from genomic libraries and determined exon sequences and
exon—intron junctions. We also identified the transcription start
sites by primer extension and characterized the promoter region
of the aggrecan gene by DNA sequencing. This information will
be useful for the study of the regulation of the aggrecan gene and
of the function of aggrecan in development, especially using a
transgenic mouse model.

MATERIALS AND METHODS
Genomic libraries

Two mouse genomic libraries, 129 SvJ in the A Fix II vector
(Stratagene, La Jolla, CA, U.S.A.), and Balb/c in the EMBL3/
SP6/T7 vector (Clontech, Palo Alto, CA, U.S.A.) were screened
with 32P-labelled mouse cDNA (pMAGS8-115)[19] and rat cDNA
[7] for aggrecan. The hybridization was performed in 6 x SSC

Abbreviations used: KS, keratan sulphate; CS, chondroitin sulphate; cmd, cartilage matrix deficiency; EGF, epidermal growth factor; CRP,
complement regulatory protein; 10 x SSC, 1.5 M NaCl/0.15 M sodium citrate; 50 x Denhardt's; 1% Ficoll/1% polyvinylpyrrolidone/1% BSA; IGD,

interglobular domain.
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(SSC: 0.15M NaCl/0.015 M sodium citrate)/10 x Denhardt’s
solution/0.1% SDS/100 xg/ml denatured salmon sperm DNA
at 62 °C overnight. The filters were washed twice in 2 x SSC/
0.1% SDS at room temperature for 5min, and in 0.1 x
SSC/0.1% SDS at 62°C for the mouse probe or at room
temperature for the rat probe, respectively, for 20 min twice.
Positive phage clones were re-screened until pure and grown in
liquid culture. Phage were purified by CsCl density gradient and
DNA was extracted as previously described [20]. Restriction sites
of these phage DNA were mapped by partial digestion with
various restriction enzymes and by Southern hybridization with
oligonucleotides as probes using Flash Non-radioactive Gene
Mapping Kit (Stratagene).

DNA sequencing

For sequencing purposes, Southern blots of restriction enzyme
digests of genomic clones were hybridized with cDNA probes
and positive DNA fragments were subcloned into pBluescript 11
SK(—). In addition to oligonucleotide primers corresponding to
the T3 and T7 recognition sites of the vector, 90 specific synthetic
oligonucleotides were prepared and used as sequencing primers.
Sequencing was performed on the double-stranded DNA using
[**S]dATP and Sequenase (USB, Cleveland, OH, U.S.A)). In
some cases, cycle DNA sequencing was performed in a GenAmp
PCR System 9600 (Perkin-Elmer, Norwalk, CT, U.S.A.) for 30
cycles of 96 °C, 30's; 50 °C, 15 s; 72 °C, 4 min with the PRISM
ready reaction kit (Applied Biosystems, Foster City, CA, U.S.A.).
Sequence reactions were analysed by an automated DNA
sequencer, ABI model 373A (Applied Biosystems). The sequences
were analysed using GCG software.

Primer extension

The start site of transcription of the mouse aggrecan gene was
analysed by primer extension. Total RNA was isolated from
the sternal cartilage of newborn mice using the guanidium
isothiocyanate method [21]. A specific oligonucleotide (5'-
GAGAGAGAGTGAGGGACCTTGAGCCGTTCC-3') label-
led with [y-**P]ATP at the 5’-end and 50 ug of total RNA were
annealed and cDNA was extended by reverse transcriptase (M-
MLYV, Stratagene, La Jolla, CA, U.S.A.). The primer-extended
product was analysed on a 6 %, polyacrylamide sequencing gel in
parallel with dideoxy sequencing reactions primed with the same
oligonucleotide.

RESULTS AND DISCUSSION
Genomic clones for mouse aggrecan

Screening of the mouse genomic (129 SvJ) library was performed
under high stringency using a mouse aggrecan cDNA, pMAGS8-
115 [19], as a probe and yielded a clone, Amag-1, containing the
3’ portion of the aggrecan gene. Five additional clones, Amag-2,
Amag-3, Amag-4, Amag-9 and Amag-10, were obtained by
screening with cDNAs encoding various portions of the rat
aggrecan gene [7). Restriction maps of these clones showed
considerable overlaps, indicating that they represent the same
gene. Clone Amag-11 was isolated from a mouse genomic (Balb/c,
EMBL3/SP6/T7) library by screening with a PCR product
containing nucleotide residues 6-121 of the rat aggrecan cDNA
sequence as a probe. Although Amag-11 did not overlap with
other clones, it contained the most 5" end of the gene. There is
also a gap between clones Amag-1 and Amag-3. These seven
clones and their relative positions are shown in Figure 1.

Exon structure

All exon sequences including exon—intron boundaries in the
seven clones were determined by DNA sequencing. The gene for
mouse aggrecan spans more than 61 kb from the transcriptional
start site to the polyadenylation site and contains 18 exons
(Figure 1). Exon sizes and exon—intron boundary sequences are
shown in Table 1. Exon 1 codes for the 5'-untranslated sequence
and the translation starts in exon 2. The coding sequence contains
6545 bases for a core protein of 2132 amino acids with a
calculated M, of 259131 including an 18-amino-acid signal
peptide (Figure 2).

The sequences at the intron—exon boundaries are in agreement
with general consensus splice sequences [22]. The consensus
sequence for the 3’ ends of the introns of the aggrecan gene was
as follows:

Cs0 G5
C100%1008 100/ SPliCE
t38 c3l
The subscript numbers denote the frequency of the most common

nucleotides in percentage terms. The consensus sequence for the
5" end of the introns was as follows:

856 %63 863
splice/g 1408100

Q44 813 935

Most of the 18 exons begin with a split codon. These exons
include 3-12, 15, 17 and 18. The introns vary in size. The longest
is intron 1 which spans more than 21 kb. Intron 8 is the shortest
with an approximate size of 190 bp. Sequence comparisons of the
mouse aggrecan with the corresponding rat, human and chicken
sequences are summarized in Table 2. The overall nucleotide
identity of the coding sequence between mouse and rat is 92.7 %,
between mouse and human 75.99%,, and between mouse and
chicken 65.3%,. The differences occur most frequently in the
third positions. Overall amino acid identities of aggrecan core
protein are 95.09%, for mouse and rat, 85.9%, for mouse and
human and 67.9 %, for mouse and chicken. The conservation of
nucleotide and amino acid sequences varies, however, between
the different domains (Table 2). Significant correspondence
between exon and structural domains is observed in the aggrecan
gene and these features are described in detail below.

Signal peptide and N-terminal globular domains G1 and G2

The first methionine codon is followed by a presumptive signal
peptide of 18 amino acids with 100 % and 75 %, sequence identity
to rat and human molecules respectively. The two N-terminal
globular domains, G1 and G2, show disulphide-bonded struc-
tural motifs. G1 consists of three loop-like subdomains, loops A,
B and B’, whose structure is similar to link protein. The B and B’
loops form a tandem homologous repeat, a critical structure for
hyaluronic acid-binding activity [9]. The A loop shares structural
similarity with an immunoglobulin fold and interacts with the A
loop of link protein, which stabilizes the interaction of aggrecan
and hyaluronic acid [23]. G2 does not have an A subdomain and
consists of B and B’ subdomains. G2 lacks hyaluronic acid-
binding activity [5]. G1 and G2 are highly conserved among
species in both nucleotide and protein sequences (Table 2).
In particular, each subdomain of the mouse G1 domain shows
96-100 9%, sequence similarity to that of rat and human molecules.
Similar structural motifs occur in other hyaluronic acid-binding
proteins such as human versican [13,14], rat neurocan [15,16],
and the lymphocyte homing receptor (CDw44 [24]). The Gl
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Figure 1 The exon—intron organization and restriction map of the mouse aggrecan gene, and its relationship to structural domains

(a) Relative locations of the aggrecan genomic clones. (b) Restriction map of the clones. () A schematic presentation of the exon—intron organization. Exons are numbered. The dashed box shows
a potential alternatively spliced exon. (d) Relationship of exon and structural domains (UT, untranslated region; SP, signal peptide; KS, keratan sulphate domain; CS, chondroitin sulphate domain;

EGF, epidermal growth factor-like domain; Lec, lectin-like domain; CRP, complement recognition peptide-like domain).

Table 1 Exon and intron boundary sequences of the mouse aggrecan gene

Exon Domain Exon size (bp) Acceptor sequence Exon sequence Donor sequence Intron size (kb)
1 5-UT 509 CCT AAG gtaaagaaa > 210
2 SP 77 ctettccag CTG CAG gtgagaaca 8.5
3 G1-A 384 ctttcacag ACC AAG gtgaagggc 1.8
4 G1-B 175 gtcccacag GTA CAG gtgagactc 20
5 G1-B 128 tcccaacag ATA AGG gtgagaaag 1.6
6 G1-8’ 294 ccttcacag GTG CAG gtaggactg 1.4
7 1GD 405 ctgttccag GTG GGG gtaagtaca 1.4
8 G2-B 174 fccegacag GAG TCA gtaaaaaac 0.19
9 G2-B 129 ctttcacag GAT AGG gtacaggce 15

10 G2-8 294 gttccecag GGG GAG gtactgtag 3.0

1 KS 216 cgtccacag GTG CAG gtggtatag 12

12 CS 3482 ttcctecag GGa CAG gtatggagt ?

13 G3-EGF ? ? ? ? ?

14 G3-Lec 158 gtgttacag ACC ACA gtgagtgtg 0.55

15 G3-Lec 83 ccattccag AAA CTG gtgagttce 0.7

16 G3-Lec 145 tgtccacag CAA CCG gtaagagag 0.9

17 G3-CRP 183 gtceeteag TGG ACC gtgagcatt 0.6

18 G3-3 74+/ tcgetgeag CCA
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Ex ZVBx 3

ATGACCACTTTACTCTTGGTCTTTGTGACTCTGAGGGTCATCGCTGCAGTGATCTCAGAAGAAGT TCCAGACCATGACAACTCACTGAGCGTGAGCATCCCTCAACCATCCCCATTGAAG
M TTLULLVT FVTLRVYVTIAAYVISETEVZPDUHDINSTLSVSTIZPOQEPSZPILK

GTCCTCCTAGGGTCTTCCCTCACCATCCCCTGCTACTTCATCGACCCCATGCATCCTGTGACCACTGCCCCCTCCACTGCCCCCCTCACCCCAAGAATCAAGTGGAGCCGTGTTTCCAAG
VLLGS SLTTIPCYTFTIDTPMHEPVTTAPSTAPTLTTPRTIIKU®WNSR RYVSK

GAAAAGGAGGTGGTACTGCTGGTGGCCACTGAAGGACAGGTTCGAGTCAACAGCATCTACCAAGACAAGGTGTCGCTCCCCAACTATCCAGCCATCCCCAGCGATGCTACCTTGGAGATC
E KEVVLLVATEEGA QVRVYVNVENSZSTIYOQDHZ KVSLPNYZPATIZPSDATTLTEH!I
Ex 3y Ex 4
CAGAACCTTCGCTCCAATGACTCTGGGATCTACCGCTGTGAAGTGATGCACGGCATCGAGGACAGCGAAGCCACCCTGGAGGTCATAGTGAAAGGTATTGTGTTCCACTACAGAGCTATT
Q NLRSNDSGI YR CEVMHEGTIETDTSEATTLEVTIVEKSGTIVFHYRAMAI

TCCACACGCTACACCCTGGACTTTGATCGAGCACAGCGGGCTIGCCTACAGAACAGCGCCATCATCGCCACCCCAGAACAACTGCAGGCTGCCTATGAGGATGGCTTCCAC T
S TR Y TLDTFTDRA ARG GRA LQNSAIIATEPEOQLO QAR MAMYTEDGTFHDQ D
Ex 4y Ex 5
GCAGGCTGGCTGGCTGACCAGACAGTCAGATACCCCATCCACACGCCCCGGGAAGGTIGCTATGGTGACAAGGACGAGT TCCCTGGAGTGAGAACCTACGGAATCCGGGACACCAATGAG
AGWILADQTVRYZPTIHTTPRESG G Y GDKDETFZPGVRTYGIRDTINE
Ex Sy Ex 6

ACCTATGATGTGTACTGCTTCGCTGAGGAGATGGAGGGTGAGGTCTTTTATGCGACATCCCCAGAGARATTCACCTTCCAGGAGGCAGCCAAC! C
'rvnvvérnszuzcnvryarsrzxrrrosAAn: R RLGARTIL

GCCACCACAGGCCAGCTCTACCTGGCCTGGCAGGGCGGTATGGACATGIGCAGCGCTGGCTGGCTGGCGGACCGCAGCGTGCGCTACCCCATCTCCAAGGCTC |
A TT G QL YL AWOQG GG MDM SAG'LADRSVR\'PISKA!PN@GG

Ex 6y Ex 7
AACCTCCTGGGTGTAAGGACTGTCTATCTACACGCCAACCAGACAGGCTATCCTGATCCCTCATCCCGATATGACGCCA' TGAAGATTTTGTAGACATCCCAGAAAAC
N L LGV RTVYLHANGO QTG GTYZ®PDTZPS.SRYUDA AT Y TGEDTFVDTIUPEN

TTCTTCGGGGTGGGTGGTGAAGACGACATCACCATCCAGACGGTGACCTGGCCAGACCTGGAGCTGCCCTTGCCCCGTAATGTCACAGAGGGAGAGGCCCTGGGCAGCGTGATCCTCACG
FF GV GGEDDTITTIOQTVTWMWEPDILETLTPTLTPIRNVYVTEGEALGS S VITLT

GCAAAGCCCATCTTTGACCTGTCCCCCACTATCTCAGAGCCGGGGGAGGCCCTCACACTTGCCCCTGAAGTGGGGAGCACAGCCTTCCCAGAGGCTGAGGAGAGAACTGGAGAAGCCACC
A K P I F DL S PTTISETZPUGEA ALTULAPEVG GSTA ATFZPEA AERERTGTEH AT

AGACCCTGGGGCTTTCCTGCAGAAGTCACACGTGGGCCGGACTCTGCCACTGCCTTTGCCAGTGAGGACCTGGTAGTGCGAGTGACCATCTCTCCAGGTGCAGCTGAAGTCCCTGGTCAG
R P WGFUPAEVTRGEPUDSATA ATFASETUDTLVV VR RVYTTISZPGAAETVTEPGOAQ
Ex 7yEx 8
CCCCACTTGCCAGGGGGAGTTGTATTCCACTATCGCCCAGGCTCCACCAGATACTCTCTGACATTT TGCACACCGGGGCCATCATTGCCTCTCCTGAG
PHLPGGVVPHYRPGSTRYSLTFIBAQOAifgunTGAIIASP!
Ex 8VEx 9
CAGCTCCAAGCTGCCTATGAGGCAGGCTATGAGCA GATGCTGGCTGGCTGCAGGACCAGACCGTCAGATACCCCAT TGTGAGCCCACGAACC! TGTGGGTGACAAAGACAGC
Q L QAAYTEAGYTEOQ oAcuLono-rvnvrxvsrnr:cgvcnxns
Ex 9vEx 10
AGCCCAGGAGTCAGGACCTACGGCGTGCGCCCATCATCAGAAACCTATGATGTCTACTGCTACGTGGACAAGCT TGAGGGGGAAGTGTTCTTCGCCACACGCCTCGAGCAGTTCACCTTC
S PGV RTYGVRPSSETTYTUDUVY Y VDEKLEGEVT FTPATRTLEG QTPFTTF

CAGGAAGCGCGGGCCTTCIGTGCGGCTCAAAATGCCACCCTGGCCTCCACCGGCCAGCTCTATGCTGCCTGGAGCCAGGGTCT 'GCTATGCTGGCTGGCTGGCAGATGGCACC
Q E A RATF A AQNATIULASTGQULYAAWWSOQGULTUDK Y AGWULADGT

CTCCGATACCCCATCATCACCCCTCGGCCTGCCIGTGGTGGGGACAAACCTGGCGTGAGAACTGTCTACCTCTACCCCAACCAAACCGGCCTCCCTGACCCACTGTCAAAGCACCATGCC

Layr11rpnrhéccbxrcvnfvvaruorcx.rDrz.sxnna
Ex 10yEx 11

TTCTGCTTCC TGTGTCAGTGGCGCCCTCTCCAGGAGAAGAAGAGGGTAGTACACCCACATCACCCTCTGACATAGAGGACTGGATCGTCACTCAGGTGGGGCCTGGTGTGGATGCT

F CFRGV SV AP SPGETETEGSTTZPTSZPSDTIETDTWTIVTO QVGPGVDA

Ex 11¥ Ex 12
GTCCCCTTGGAGCCAAAGACAACAGAAGTGCCATATTTCACCACTGAGCCAAGAAAACAGACTGAATGGGAGCCAGCCTACACCCC AC C. TCCCTCCC
VPLEZPIKTTEVEZPYTFTTEZPRI KO OQTEUWMWNETPAYTTZPVGTS?PQZPGTIUPP

ACATGGCTTCCCACCCTCCCAGCAGCAGAGGAACACACAGAAAGCCCCTCTGCCTCTGAAGAGCCCTCTGCCTCAGCAGTCCCTTCCACCTCAGAGGAGCCATACACATCTTCATTTGCA
T W L P T LPAAETEUHTESTZPSASETEZPSAS AV P ST SETEZPYTS ST FA

GTGCCGAGCATGACAGAGCTGCCAGGCTCTGGGGAGGCGTCGGGCGCACCTGACCTCAGTGGTGACT TCACAGGCAGTGGAGATGC T TCAGGACGCCTTGACTCCAGTGGGCAGCCTTCA
VP S MTETLTZPGS GEASGAPDLSGDFTG S . 6D AS GRLD S S G QP 8

GGGGGCATTGAAAGTGGCCTTCCCTCAGGTGACCTTGACTCCAGTGGCCTCAGCCCCACAGTGAGCTCAGGCCTGCCTGTAGAAAGTGGTTCTGCCTCAGGAGATGGAGAAGTCCCCTGG
&£ 61 E S G LP S G DLD S S GEGL SPTVsS S GLPVESGSASGDGEUVEPEPHUN

TCCCATACTCCCACAGTTGGCAGGTTGCCCTCTGGAGGTGAGAGCCCCGAAGGCTCTGCCTCTGCCTCTGGAACAGGAGACCTTAGTGGGCTGCCTTCAGGAGGAGAAATTACAGAAACT
S HTPTVGRULZPSGGE S P EGSASASGTGDULSGLP S G GEITZET
.

TCTACTTCTGGGGCAGAAGAAACCAGTGGACTTCCTTCTGGAGGAGACGGTCTAGAAACTTCTACCTCTGGAGTAGATGATGTCAGTGGAATTCCTACTGGAAGAGAAGGTCTAGAGACT
s T S G AEETSGLPS G G6GDGLETST S GVDDV S GEGIPTGHRESGTLTET

TCTGCCTCTGGAGTAGAGGACCTCAGTGGACTTCCTTCTGGAGAAGAAGGTTCAGAAACATCTACCTCTGGAATAGAGGACATCAGTGTACTTCCAACTGGAGGAGAAAGTCTAGAAACC
S A S GV EDILSGLP S GEZEGSET ST S GI&EDTISVLZPTGSGESTILTET

TCTGCTTCTGGAGTGGGAGACTTGAGTGGACTTCCCTCAGGAGGAGAAAGTCTAGAAACATCTGCTTCAGGTGCAGAGGATGTCACTCAGCTTCCTACTGAAAGAGGAGGTCTAGAGACT
S A S GV G6GDUL S GLP S G GE S LETSASZSGAEDVTOQLZPTERSGSGTILHET

TCTGCCTCTGGAGTAGAAGACATCACTGTTCTTCCTACTGGAAGAGAAAGTCTAGAAACTTCTGCCTCTGGAGTAGAGGATGTCAGTGGACTTCCTTCTGGAAGAGAAGGTCTAGAGACT
S A S GV EDTITVLZPTGRESTLETSASGVEDVYV S GLP S GRZEGLTET

TCTGCCTCTGGAATAGAGGACATTAGTGTGTTTCCTACTGAAGCAGAAGGTCTGGACACTTCTGCCTCTGGGGGATATGT TAGTGGGATTCCTTCTGGAGGAGATGGTACAGAAACCTCT
S A S G I E DI S VFPTEAEGL DT SAZS. GG YV S GIUP S G GDGTUZETS

GCTTCTGGAGTAGAGGATGTGAGTGGTCTTCCATCTGGAGGAGAGGGTCTAGAAACTTCTGCCTCTGGAGTGGAAGATCTTGGTCCTTCTACTAGAGATAGTCTAGAGACATCTGCTTCA
A S GV EDVS GLPSGGEGLETSASGVEDTILSGT?PSTHRDSILETSAZS

GGAGTAGATGTTACTGGGTTTCCTTCTGGAAGA CC CTCTGTTTCTGGGGTAGGTGATGACTTC . GTGGACTTCCTTCTGGAAAAGAAGGCCTGGAGACCTCAGCTTCT
& VDVTGFP S GRGDUZPET SV S GV GDDTFSGLP S GKEGLTETSAS

GGAGCTGAGGACCTCAGTGGCTTGCCCTCTGGAAAAGAAGACTTGGTAGGGTCTGCTTCTGGGGCCTTGGACTTTGGCAAACTACCTCCTGGAACTCTAGGAAGTGGTCAAACTCCAGAA
& A B DL S GL P S G K EDULV GS A S GALDT FGIKTLTPZPGTULGS G QTUPE

GTAAATGGCTTTCCCTCTGGATTTAGTGGTGAGTATTCTGGAGCAGACATTGGAAGTGGCCCATCCTCTGGCCTGCCTGACTTTAGTGGACTTCCATCTGGCTTTCCAACTGTCTCCCTT
VNGFP S GF S GEY S GADTIGSGP S S GLPDVF S GLP S GFPTVS L

GTGGACAGTACCTTAGTGGAAGTGATCACAGCCACCACTTCCAGTGAACTGGAAGGAAGGGGGACCATTGGCATCAGTGGTTCAGGAGAAGTATCAGGGCTGCCCCTGGGTGAATTGGAC
vV DSTLVEVTITATTSSETLEGRSGTTIGTI S G S GEV S GLPULGETLD
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AGTAGTGCGGACATTAGTGGTCTCCCTTCAGGAACTGAACTCAGTGGCCAAGCATCTGGATCTCCTGATAGCAGTGGAGAAACATCTGGATTTTTTGATGTTAGTGGACAGCCATTTGGG 4597
1322 s s A D I § G L P S GTELSGCOASGSPDSS GETAIGPPFDVAIGOEPTPFG
TCTTCTGGCGTCAGCGAGGAAACATCTGGGATTCCTGAAATCAGTGGGCAGCCATCAGGGACTCCTGACACCACTGCGACATCTGGAGTGACTGAGCTTAATGAACTGTCCTCTGGACAA 4717
131 s S G V S EET S G IPETISGQFPSGTPDTTA AT SGVTETLNTETLSZSGOQ
CCAGATGTCAGTGGAGATGGGTCTGGAATTCTCTTTGGCAGTGGACAGTCCTCTGGTATAACATC TGTGAGTGGAGAAACCTCTGGGATTTCTGATCTCAGTGGGCAGCCCTCAGGGTTC 4837
1401 P D V S 6 D G S . 6 I L F G S GO S S .GITSV S GETSGEISDILSISGOPSGT
CCAGTGTTCAGTGGAACAGCAACCAGAACCCCTGACCTGGCTTCTGGCACCATAAGTGGCAGTGGAGAGTCTTCTGGCATTACATTTGTGGACACCAGTTTTGTTGAAGTGACCCCTACC 4957
1441 P V F S 6 T A TRTZPDILASGTTI S GS GES I GEITFPFVDTSFVEVTEPT
ACATTTAGGGAAGAAGAAGGGTTAGGATCTGTGGAACTCAGTGGCTTTCCTTCTGGGGAGACGGAACTGTCTGGCACATCTGGGACGGTGGACGTCAGTGAACAATCTTCTGGAGCAATT 5077
1481 T F R E E E G L G S VEL S GFP S GETZETLSZSGTSGTVDVSEOQSZ SGAI
GATTCCAGTGGACTCACATCCCCCACTCCAGAGTTCAGTGGCCTCCCAAGTGGAGTAGCTGAGGTCAGTGGTGAATTCTCTGGAGTTGAGACTGGGAGCAGCTTGCCCTCAGGAGCATTT 5197
1521 D s S.6 L T S P T P E F S G L P S GV AEV S GCGETFSGVETGSSLPSGATF
GATGGCAGTGGACTTGTCTCAGGTTTCCCCACTGTGTCTCTTGTAGACAGAACTTTGGTGGAATCTATAACTCAGGCTCCTACTGCTCAAGAAGCTGGAGAAGGACCTTCGGGCATTTTG 5317
11 D 6 § 6 L V S G F P T V S L V DRTULVESTITOGOQAPTA AQOQEAGTEGG?P S G I L
GAATTCAGTGGTGCCCATTCTGGGACACCAGACATATCTGGGGAGCTTTCTGGGTCTCTGGACCTAAGCACAT TGCAGTCTGGGCAGATCGAAACCAGCACGGAGACACCAAGCTCTCCA 5437
1601 E F S G A H 8 6 TP DI S GEL S G SLDLSTLOQSGOMETS STTETTPS S P
TATTTTAGTGGAGACTTTTCCAGCACCACTGATGTAAGTGGAGAATCCATAGCTGCCACAACTGGCAGTGGGGAAAGCTCTGGGCTTCCGGAAGTTACTTTAAACACCTCAGAGTTAGTG 5557
1641 Y F S G D F S S T T D V S GE S I AATTGSGES S GLPEVTTLNTSTETLYV
GAGGGTGTGACTGAACCCACTGTTTCCCAGGAACTTGGCCATGGTCCTTCTATGACATACATC TCCCGGCTCTCTGAGGCCAGTGGGGACGCCTCAGCATCCGGGGACCTTGGTGGCGCT 5677
1681 E G V T E P T V S Q E L G R G P S M T Y I S RULSEASZSGDA ASAZSGDTILGGA
GTAACAAACTTCCCAGGGTCTGGGATAGAAGCTTCAGTCCCAGAAGCCAGCAGTGACCTGTCTGCTTACCCTGAGGCTCGTGTGGGAGTGTCTGCTGCCCCTGAGGCCAGCAGTAAACTG 5797
1722 vV T N F P G S G I E A S VP EAS S DILSAYUPEA AGV GV S AAPEA KASSTIKITL
TCTGAGTTCCCAGATCTGCATGGAATCACTTCTGCCTTCCATGAAACAGATCTGGAAATGACAACCCCAAGCACAGAGGTAAACAGCAACCCATGGACCTTTCAGGAAGGCACCAGGGAG 5917
1761 s E F P D L H 6 I T S A F HETDULTEMTTZPSTETVNSNPUWTTFOQEGTHR RTE
GGATCGGCCGCTCCGGAAGTGAGTGGAGAATCTAGCACTACCTCCGACATAGACACAGGCACTTCAGGGGTGCCTTCTGCCACACCCATGGCTTCTGGAGACAGGACTGAAATCAGCGGA 6037
1801 6 s A A P E V S GE S S TTSDIDTGTA SGV?P SATZPMASGDRTETIZSG
GAATGGTCTGATCACACCTCAGAGGTGAATGTTGCCATCAGCAGCACCATCACAGAGTCCGA! T TACCCTACAGAGACACTTCAAGAAATCGAATCCCCAAAT 6157
1841 E W S D H T S E V NV AISSTTITESEW®WAQPTRTYZPTETTLAO QETIEZESTZPN
Ex 12 M Ex 14
CCCTCATACTCAGGAGAGGAGACCCAGACAGCAGAAACAACCATGTCCCTGACAGATGCCCCCACCCTCTCTTCTTCAGAAGGGTCAGGGGAGACGGAGTCAACC 6277
1881 P s Y § G E E T QT A ETTMSILTDAPTTILSS S EGS GETTESTVADOTE
CAATGTGAGGAGGGGTGGACCAAGTTCCAGGGTCACTGTTACCGCCACTTTCCTGACCGAGAGACCTGGGTGGATGCGGAGAGACGGTGTCGGGAGCAGCAGTCACATCTGAGCAGCATT 6397
1922 9 C E E 6 W T K F Q G H C YRMHPF P DRETWVDAERIRTCREG QQSHTLSSTI
Ex 14VEx 15 Ex 15 yEx 16
GTCACTCCTGAGGAACAGGAGTTCGTCAACAAAAATGCTCAAGACTACCAGTGGATCGCTCTGAATGACAGGACTATCGAAGGGGACTTCCGCTCCTCTGACGCGACACTCTCT! TTT 6517
191 VT P E E Q BE F VNKNAQDYO QWIGLNDRTTIEGDTFRWWSDGHS STILO QT
GAGAAGTGGCGTCCAAACCAGCCTGACAACTTCTTTGCCACCGGAGAGGACTGTGTGGTGATGATCTGGCATGAGAGAGGCGAATGGAACGACGTCCCCTGCAATTACCAGCTGCCCTTC 6637
2000 E X W R P N QP DNUTFPF AT GEDTGCVV MTIWE-BBERTGTEUWNNDTVE®PCNYA QLTZPT
Ex 16yEx 17
ACGTGTAAAAAGGGCACCGTGGCCTGTGGAGACCCCCCAGTGGTGGAGCATGC TAGAACCCTCGGGCAGAAGAAAGATCGCTACGAGATCAGCTCCCTGGTGCGGTACCAGTGCACTGAG 6757
201 T C K K 6 TV ACGODUPPVVEHARTTLG G QEKTZ KTDT RTYTETISSLVRYQCTTE
Ex 17 yEx 18
GGCTTTGTCCAGCGCCACGTGCCCACCATCCGGTGCCAGCCCAGCGGGCACTGGGAAGAGCCTCGAATCACCTGCACAGAC! "ACAAGCACAGGCTACAGAAGCGGACGATG 6877
2081 6 F VQ RHVPTIRTCAOQEPSGHWNWETETPRTITU CTUDZPNTYZ KU HRTILO OOEKAR RTHNM
AGACCCACACGGAGGAGCCGCCCCAGCATGGCCCACTGAGAGGAGCTTCCATAATGTGCCCAGGATGCTGAGCCCAGCGGCCAGCCAGGC TGACCGTGCATCCCACCCACATGGTGTCTT 6997
2122 R P T R R S R P S M A H *
CTTGTCGCTTTTTGTCATATAAGGAATCCATTAAAGAAGGAAAAAAAACCCACARRGTGTGTGCCCCACTCCCCGCATCACCCAAACTGGATCTAATTTAT ni?
Figure 2 The coding sequence and deduced amino acid sequence of the mouse aggrecan gene

The sequence begins with the translation start site and shows all exons except for the alternatively spliced exon 13. The amino acid numbers on the left and the nucleotide numbers on the right
are shown. v shows the exon boundaries. Underlining highlights the Ser-Gly repeats in the CS domain. The cysteine residues in the B and B’ tandem repeats are circled. When we entered the
exon sequencing in GenBank, we found the cDNA sequence for mouse aggrecan submitted by another group. There are two differences in the exon sequence: C at 1834 to G and AG at 5316-7
to GA compared with the sequence of the mouse aggrecan cDNA.

region of mouse aggrecan shows 54.8 %, and 54.3 %, amino acid
sequence identity to human versican and rat neurocan respect-
ively. Human CDw44, which has only one B subdomain, shows
20.6 % amino acid sequence identity to the B subdomain of the
Gl region of mouse aggrecan. Figure 3(a) shows a pairwise
alignment of the homologous B and B’ sequences of mouse
aggrecan G1 and G2 domains, mouse link protein, and also
human versican. Within the two subgroups, the sequence of the
B subdomain is more highly conserved than that of the B’
subdomain. On the B and B’ subdomains, G1 of mouse aggrecan
is more similar to human versican and to rat neurocan than to
mouse link protein, suggesting that aggrecan is evolutionarily

closer to the two proteoglycans than to link protein. Analysis of
gene structure revealed that the B loops of the G1 and G2
domains of aggrecan are encoded by two exons: B of the Gl
domain by exons 4 and 5, and B of the G2 domain by exons 8
and 9. In contrast, the B’ loops are encoded by a single exon: B’ of
the G1 domain by exon 6 and that of the G2 domain by exon 10.
It is interesting to note that each of B and B’ loops of link protein
is coded for by a single exon (H. Watanabe, unpublished work).
By analysis of intron—exon boundaries, the patterns of split of
codons are the same among the B and B’ subdomains, supporting
the finding of the high conservation of the B and B’ subdomains
in aggrecan, link protein and versican (Figure 3b).
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Table 2 Comparisons of amino acid and nucleotide sequence identities
between mouse, rat, human and chick aggrecan sequences

Abbreviations: aa, amino acid sequence; nt, nucleotide sequence.

Mouse/rat? Mouse/human Mouse/chick
Domain aa nt aa nt aa nt
G1 99.3 95.5 96.4 87.1 776 745
G1A 100.0 95.9 933 86.3 64.0 67.0
G1B 100.0 94.7 100.0 86.8 84.4 80.7
G1B’ 979 96.0 95.8 88.4 86.5 783
1GD 88.1 90.4 778 80.1 474 65.9
G2 95.5 931 89.9 86.7 741 751
G2B 95.8 92.9 90.8 86.1 726 748
G28’ 94.8 92.7 88.5 873 773 755
KS 88.5 924 68.2 81.6 26.9 61.2
[ 883 91.7 70.8 795 37.2 63.3
G3* 98.1 946 88.3 88.6 789 781

The data for rat, human and chick sequences are from refs. [5], [6] and [8] respectively.
®Sequence identity in percentages.
°G3 domain without EGF-like domain.

(a)

G1B’ G2B G2B’ LP-B LP-B' Ver-B Ver-B’ Neu-B Neu-B]
G1B | 41.4 | 68.8 [ 483 |47.8 | 46.6 | 72.9 | 43.2 | 645 | 466
G18’ 42.0 | 60.0 | 46.1 [ 42.0 | 41.6 | 58.3 [ 39.3 | 53.7
G28B 47.2 [ 478455 | 67.7 | 37.4 | 58.1 | 477
G2B’ 48.3 [43.2 [ 415 [ 479 | 42.2 | 55.2
LP-B 42.4 | 443 | 41.6 | 45.4 | 46.1
LP-B’ 45.1 | 40.4 [ 416 | 477
Ver-B 41.8 | 60.6 | 41.8
Ver-B' 402 | 531
Neu-B 38.9
(b)
B B
61 daamraro-gacatecacdaraacarc-
G | Vv E M E G E V Y T G
62 Lagrrama- ascerreacdacaasarorrccaadar
G Vv v K L E @ E V F R G
P GTGATGAAC TIC AAG QRCGGATTT~
c v v N F N G R F
Ver Y o’
GATGGTGATGTG++~TTTAACGT
D G DV F K R

Figure 3 Similarity of sequences encoding the tandem repeat B and B’
subdomains

(a) Each pairwise alignment of the amino acid sequences of homologous B and B’ subdomains
of mouse aggrecan (G), mouse link protein (LP), human versican (Ver) and rat neurocan (Neu)
has been analysed. The numbers indicate the percentage sequence identities. The sequence of
mouse link protein is not published (H. Watanabe, unpublished work). (b) The split patterns
of exons encoding B and B’ subdomains are shown. Arrowheads indicate the split of the codons.

Interglobular domain (IGD)

The IGD is located between the two globular domains. This
domain is coded for by exon 7. IGD shows less homology among
species. For example, chick has an additional amino acid residue
in the carboxyl portion of the domain. IGD is susceptible to

several proteinases including collagenases, gelatinases, strome-
lysin, putative metalloproteinase (PUMP), cathepsin B [25-27],
aggrecanase [28] and leucocyte elastase [29]. A consensus
sequence for the aggrecanase cleavage site is conserved among
species, whereas the metalloproteinase cleavage site is conserved
in mammalian species but is not present in chicken. The pig
aggrecan contains a putative KS-binding region with the sequence
TIQTVT located within the IGD [30]. This hexameric sequence
is conserved among mouse, rat, human and chick.

KS domain

The KS domain is located at the C-terminus of the G2 domain,
and is coded for by exon 11. The KS domain shows low levels of
similarity among species. The size of the domain also varies in
different species. The protein sequence similarity of the KS
domain is 93.89, for mouse and rat, 76.6%, for mouse and
human, and 45.29% for mouse and chicken. Putative hexameric
KS attachment sites have been reported as E-(E,K)-P-F-P-S and
E-E-P-(S,F)-P-S by analysis of the sequence of human [8] and
bovine [31] molecules. Since these sequences are not found in
mouse, rat or chicken, the key sequence for KS attachment may
be different from those sequences in human and bovine.

CS domain

The CS domain is the largest domain, and is located in the
middle of the aggrecan core protein. This domain can be divided
into two subdomains, CS1 and CS2, based on a difference in
specific repeated sequences. However, the whole domain is coded
for by a single exon of 3482 bp. The CS domain shows 88.3 9,
amino acid sequence identity between the mouse and rat,
although the mouse sequence shows a 10-amino-acid deletion
and two additions of 1 and 3 amino acids at different sites. The
mouse CS domain contains 120 Ser-Gly repeat sequences. Studies
on CS-attachment sites using xylosyl activity of peptides sug-
gested that the putative CS-recognition sequence is S-G-X-G
[32]. However, there are only four S-G-X-G sequences in the
mouse CS domain. Partial proteolytic digestion followed by HF
deglycosylation of chick aggrecan demonstrated the CS-attach-
ment sequence, (D,E)-X-S-G [33]. The mouse and rat CS domain
contains 45 repeats of the tetrapeptide sequence. Together with
the data that rat chondrosarcoma aggrecan has 80-100 CS
chains [6], this indicates that (D,E)-X-S-G may be the candidate
for the CS-recognition site rather than S-G-X-G, although some
other sequences may also be involved in CS attachment. Like the
rat aggrecan CS domain, the mouse CS domain also contains 11
complete or partial repeats of a 40-residue unit and four complete
and two partial repeats of a 100-residue sequence [(4X)S-G(2X)-

S-G),(30X)], indicative of a common root sequence,
(4X)SG(2X)SG.
G3 domain

The most C-terminal domain G3 is a composite of three structural
motifs; EGF-like, lectin-like and CRP-like motifs. The coding
region for EGF-like modules is known to be alternatively spliced.
Two EGF-like modules, EGF1 [34] and EGF2 [11], have been
reported by cDNA sequencing. The human aggrecan gene
apparently encodes both EGF1 and EGF2. In mouse, Fulop et
al. [11] confirmed that the EGF2 sequence occurs in aggrecan
mRNA by cDNA sequencing. They speculated that a potential
location of EGF1 is located approximately 1 kb downstream
from exon 12 for the CS domain by PCR analysis with mouse
genomic DNA using primers from human EGF1. Sequencing of
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-523 TTG éEATGTCCTT GGTCTATGTT
- 500 GCGTTTTGAA GACACCCCTC CCCGCGCCCT CAGCCTTGTG CCTTGTGCCT
- 450 CTGTAGCTGC CTCATCTCCT CgC?CCGCCC TTGCGTCTCG GGGTACCCCA
- 400 CCCCCAAAAC TTTCCMC%(; TG:‘TCTATGA AGATTCTTTC AAATCGCATT

-350 CCCAGAGTAG GGGGTCGTCC GTGCGATGGC ATCTTTCTGG GTATCAGCTG

-250  CGGACTGCTA CCCTGACAGC AGGAGCCGGG TGCCTTCGGC ACTCTGCGGG
R

- 200 CGCAGCCCTg CGGGGCCGCC TGGACTGCGG AGCTGCCGAC CGCAATGCAG

-150 ACGCGGGCCC TCCAGTGCTG CCCGCACAGC TTTCCTCC(% GGCCCCAGGA

- 100 GCTGCGGGGT C¢;C¢TCCT CTCGTGCCCT GCGCGCCCGG AGCCTT¢CC

- 50 AGCTGAGCGC GGTCCCCAGC CCGGGTCCTG CGCGCTCCGG ACGTTTCTGC
+ 1 CTTCCCCTCC CCCCGCAGAT TGGCCCCGGG GGTGGGGTTT CCCTGTGCGC
51 TCGCCCCCA'C CCCTC!ZTGTG TGCCCTCCCC TCCCCCGCCC GCCCCTATGT
101 ATGTGTCACC GCGCACCATT CCCGCCCACC TACCTCCCCG CGGTGCCAGA
151 GGGGCTCACA GAGCTGAGGA CGCGTGCGGA ACGGCTCAAG GTCCCTCACT
201 CTCTCTCCGC ATCCTCGCCG GCTAGCATCT GACGCAGGTG CCGAGGGAGT
251 TCGGGCACCT TTCTGTGTCC CTTCCCTTCA TCGACCCTGC TCCGAAACCT
301 AGTCAGCCAG CCACCACTGC GGCCACCGCC CGAGGGGACT TGCGGAGAAG

351 ACGCCGGCGG GAGAAGGGGT TCGCAGGGCC CCCCCCCCCC GCGCAGAGCA

401 TCCCTGCTGC AGCGCAGCAA GACCCGGGGC TGGCAGCCCC _AGGAATCCCT
451 AGCTGCTTCG CAGGGATAAA GGACTGAAGT TCTTGGAGGA GCGAGTCCAA

501 CTCTTCAAGC TGAACTATG

Figure 4 Determination of the transcriptional start site

() For primer extension of aggrecan mRNA, a 30-mer oligonucleotide complementary to
nucleotide residues 177—207 from exon 1 (arrow in b) was used to extend cDNA by reverse
transcriptase with newborn mouse sternal mRNA. The reaction products were resolved on a
denaturing sequencing gel (lane X) with the corresponding sequencing reaction on the left
(lanes A, C, G, T). The arrows show the extension products. (b) Nucleotide sequence of the
promoter and 5’-untranslated region of exons 1 and 2. Four transcription start sites are marked
by arrowheads. + 1 represents the most upstream transcription start site. Motifs of Sp-1 and
the glucocorticoid receptor (GR) are indicated. Arrows show the inverted repeats. Closed boxes
and a dashed box show the sequences with sequence identity to the promoters of type-Il collagen
gene and of link protein gene respectively.

the corresponding genomic segment revealed the presence of a
94 bp sequence with 73.49, identity to human EGF1 at 797-
890 bp downstream from exon 12 (data not shown). However,
this sequence is not flanked by potential donor and acceptor
sequences for splicing. We also could not detect any PCR
product with mouse genomic DNA using the primers from the
human EGF1 sequence. It is possible that there is no EGF1
sequence in mouse aggrecan. EGF2 is found in several species
such as human, bovine, dog, rat and mouse with highly conserved
nucleotide sequences. Chick also has an almost identical sequence
in the intron preceding the G3 coding exons [18]. According to
previous reports [11,18], the exon for EGF2 should be located at
the region approximately 2.5-3 kb upstream of the exon for the
lectin-like domain. Although we did not obtain a clone containing
this domain, sequencing of the PCR product using mouse
genomic DNA as a template confirmed that EGF2 is coded for
by exon 13.

The other two motifs (lectin-like and CRP-like motifs) are also
well conserved among species. The nucleotide sequence of mouse
shows 94.6%,, 88.6% and 78.19%, identity to rat, human and
chicken respectively. The amino acid sequence identities of these
motifs are 98.1 %, 88.3 % and 78.9 % to rat, human and chicken
respectively. The lectin-like subdomain is encoded by exons 14,
15 and 16, and the CRP-like subdomain by exons 17 and 18.
Introns of this region are relatively short and five exons are

packed within a 3.6 kb region. A similar gene structure for this
domain is observed in chicken. The intron—exon boundaries are
also conserved between the two species. The lectin-like domain is
most similar to C-type carbohydrate-recognition domains
(CRDs). As suggested [35,36], the lectin-like subdomain of
aggrecan can be categorized into groups encoded by three
separate exons, such as the asialoglycoprotein receptor, CD23
and the Kupffer cell receptor. Versican and neurocan also contain
similar structural motifs at the C-termini.

Transcription start site and promoter sequence

Primer extension revealed four transcription start sites which are
clustered within 70 bp (Figure 4). The positions of the tran-
scription start are different from those of the rat aggrecan gene,
although the gene structure is quite similar (Y. Yamada, un-
published work). Numbering the most upstream site as + 1, the
G +C content within the 523 bp upstream sequence exceeds
659, similar to the promoter region of both the rat link protein
and type-II collagen genes. Within the first 523 bp of the upstream
sequence (Figure 4b), there was no TATAA sequence. Two
glucocorticoid receptor-binding sequences (TGTTCT/C) and
one GGGCGG sequence (Sp-1 site) are located at —517 to
—512, —380 to —375, and —426 to —421 respectively. There
are several homologous direct repeat sequences including
sequences between —317 to —308 and —274 to —285, and
between —226 to —212 and — 178 to —202. In addition, a region
between — 54 and — 111 shows sequence identity to a sequence
of the promoter (— 103 to — 132) of the rat type-II collagen gene.
This sequence is highly conserved in both the rat and mouse
type-II collagen genes [37] and is known to be important for
type-II collagen gene promoter activity (Y. Yamada, unpublished
work). Another stretch of sequence from —287 to —259 shows
sequence similarity to a sequence of the promoter (—82 to —60)
of rat link protein. These sequences may play a role in cartilage-
specific gene expression.

Elucidation of the aggrecan gene structure will be useful in the
study of the transcriptional regulation of the gene in development
and pathological states. In addition, it will facilitate a better
understanding of the function of aggrecan in vivo. Recently we
have identified a 7 bp deletion in exon 5 of the aggrecan gene of
cmd mice [19). The mutation occurs at the B subdomain of the
G1 domain and leads to a termination codon within exon 6,
resulting in a potentially truncated polypeptide of 36000-M,.
Although heterozygous cmd mice show a normal phenotype, the
homozygous mice die soon after birth due to respiratory failure.
It would be interesting to examine whether cmd mice could be
rescued by introducing the normal aggrecan gene. It is also
conceivable to study the function of an individual domain of
aggrecan using transgenic mice models in normal and/or cmd
mice.

We thank Dr. Hynda Kleinman and Dr. Paul Krebsbach for the critical reading of the
manuscript. This work was partially supported by Seikagaku Corporation Grant.
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