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TasLe II :
Effects of FGF-18 on osteoclast formation in the mouse cocultitre system in the presence and absence of specific inhibitors of cyclooxygenase 2

nd RANKL

Data are expressed as means = S.D. for 8 cultures/group. Representative TRAP staining pictures are shown on the right.

Number of
Osteoclasts / well
Control 18.544.8
FGF-18  1p12M 205185
101 49.8+7.4
10 89.1£18.2°
108 205.050.1*
10% 469.1£19.6
+N3-298 92.5:16.8¢
+OPG 28.0+3.6*
FGF-2 108 M 453.3£53.9"
FGF-10  10%M 20.745.0

*p < 0,01, significant stimulation by FGFs.

#p < (.01, significant inhibition by NS-398 or OPG (versus 10~ M FGF-18 alone).

TasLE III
Effects of FGFs on resorbed pit area, osteoclast number, and the pit
aren/osteoclast by mouse ostesclasts on a dentine slice

Data are expressed as means * §.D, for 8 cultures/group.

Resorbed pit area  Osteoclast no. Pit areafosteoclast
X10% pm®/dentine  cells/dentine pm?icell
Cantrol 356.5 £ 289 214.8 £ 25.8 166.3 = 19.8
FGF-18
1072y 477.1 £ 52.2 200.3 £ 21.4 240.5 * 55.2
107 460.2 £ 523 196.5 % 16.5 234.2 + 51.8
1070 589.3 = 585 218.1 = 20.9 2717 » 55.4
1079y 1529.5 * 236.3° 2272+ 207 669.9 = 173.1°
107% 2017.3 = 192.9° 2612 £ 165 809.3 * 194.0°
FGF-2 (1075 u) 21048 1429 2435184 868.4 = 141, 7%
FGF-10 (107% M) 451.3 x 610 207.8 £ 12.9 2171 £ 538

% p < 0.01, significant stimulation by FGFs.

uronic acid content and extent of sulfation (33). Heparin can
activate the mitogenic activity of several FGFs but inhibits that
of others (34). Moreover, the effect of heparin on FGF mitogenic
activity appears to be cell type-dependent and remains to be
elucidated. In this study, the effects of FGF-18 on ostegblasts
and chondrocytes did not change when heparin was added to
the cultures. It is speculated that endogenous heparan sulfate
produced by these cells might be sufficient for FGF-18 to exert
mitogenic actions on the cells. Further understanding of the
involvement of heparan sulfate in the ligand-receptor interac-
tion might clarify the difference in the mechanism of FGF
mitogenic action on several types of cells.

The main signaling pathway of FGF-2 for cell proliferation
and differentiation is known to be Ras/MAPK (32, 35-37),
although the involvement of other signaling pathways such as
protein kinase C, cytoplasmic tyrosine kinase Sre, and protein
kinase C-independent p70 86 kinase is also suggested (38, 39).
The present study demonstrated that ERK signaling is an
important pathway for the mitogenic action of FGF-18 in os-
teoblasts and chondrocytes. This result shows good correspond-
ence with previous reports suggesting distinct roles for MAPK
pathways in regulating the activity of ostecblasts and chondro-
cytes under several stimulations including FGF-2: the ERK

pathway is involved mainly in the control of cell proliferation,
whereas the p38 or JNK pathway regulates cell differentiation
and function (40-44). In the present study, however, p38
MAPK also mediated FGF-18 mitogenic action in chondrocytes,
but not in osteoblasts. Although FGF-18 exhibited inhibitory
actions on the differentiation/matrix synthesis of both osteo-
blasts and chondrocytes, our preliminary investigation using
inhibitors of MAPK signaling has thus far failed to identify the
signaling mechanism. Signaling pathways other than MAPK
pathways as described above might play a role in the inhibi-
tion. Additional studies using transfection with signaling mol-
ecule-related genes will elucidate the precise mechanism.

Although Fgf-10-deficient mice had complete truncation of
fore and hind limbs (21), this study showed that FGF-10 af-
fected none of the cultured bone or cartilage cells. Because
analyses of the embryos and marker gene expression showed
that FGF-10 triggers sequential events for the formation of
limbs (20, 21), it is likely to be essential for morphogenesis and
erganogenesis in embryos, but not for bone or cartilage metab-
olism in adult tissues.

We have reported that FGF-2 has varicus physiclogical,
pathological, and pharmacoclogical effects on bone and cartilage
metabolism. With regard to the clinical relevance of its action,
the pharmacological action of FGF-2 on bone formation has
been reported using several in vivo models such as fracture
healing (10, 11), and study of its clinical application is now
underway. On the other hand, endogenous FGF-2 in synovial
fluid was positively correlated with the severity of joint de-
struction in rheumatoid arthritis patients (18). Because
FGF-18 showed actions on bone and eartilage cells that bore a
close resemblance to those of FGF-2, FGF-18 may compensate
for the roles of FGF-2 in a physiclogical and pathological con-
dition and might be clinically applicable as a potent osteogenic
agent,
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Abstract

The Sox (Sry-type HMG box) group of transcription factors, which is defined by a high-mobility group (HMG) DNA-binding domain, is
categorized into six subfamilies. Sox35 and Sox6 belong to the group D subfamily, which is characterized by conserved N-terminal domains
including a leucine-zipper, a coiled-coi! domain and a Q-box. Group D Sox genes are expressed as long and short transcripts that exhibit
differential expression patterns. In mouse, the long form of Sox5, L-Sox5, is co-expressed and interacts with Sox6; together, these two proteins
appear to play a key role in chondrogenesis and myogenesis. In humans, however, only the short form of Sox5 has previously been identified.
To gain insight into Sox5 function, we have identified and characterized human L-SOXS. The human L-SOX5 cDNA encodes 2 763-amino-
acid protein that i 416 residues longer than the short form and contains all of the characteristic motifs of group D Sox proteins. The predicted
L-SOXS5 protein shares 97% amino acid identity with its mouse counterpart and 59% identity with human SOX6. The L-SOXS gene contains
18 exons and shows similar genomic structure to SOX6. We have identified two transcription start sites in L-SOXS and multiple alternatively
spliced mRNA variants that are distinct from the short form. Unlike the short form, which shows testis-specific expression, L-SOX5 is
expressed in multiple tissues. Like SOX6, L-SOXS shows strong expression in chondrocytes and striated muscles, indicating a likely role in
human cartilage and muscle development. © 2002 Elsevier Science B.V. All rights reserved,

Keywords: Chondrogenesis; Group D SGX; High mobility group; Leucine zipper; Single nucleotide polymorphism

1. Introduction

The Sox (Sry-type HMG box) family of transcription
factors is related to the testis-determining gene Sry and is
defined by the presence of a high-mobility group (HMG)
DNA-binding domain. Sox proteins interact with DNA
through this domain in a sequence-specific manner, binding
in the minor groove of DNA and inducing a significant bend
(Ferrari et al., 1992; Connor et al., 1994). Therefore, Sox
proteins are thought to function as architectural proteins that
organize local chromatin structure, assemble other DNA-

Abbreviations: bp, base pair(s); DIG, digoxigenin; cDNA, complemen-
tary DNA; HMG, high-mobility group; kb, kilobase(s); L-§0X3, long form
of SOX5; nt, nucleotide(s); RACE, rapid amplification of cDNA ends; RT~
PCR, reverse transcription—polymerase chain reaction; Sox, Sry-type HMG
box gene; Sry, sex-determining region Y gene; UTR, untranslated region

* Comesponding author, Tel /ffax; +81-3-5449-5393,
E-mail address: sikegawa@ims.u-tokyo.ac.jp (S. Ikegawa).

binding transcription factors and induce comect gene
expression (Wemer and Burley, 1997; Wolffe, 1994). Sox
function is critical to a number of developmental processes,
including sex determination (SOX9) (Foster et al., 1994:
Wagner et al., 1994), lens development (SoxI, 2 and 3)
(Kamachi et al., 1998), T-cell differentiation (Sox4) (van
de Wetering et al., 1993), endocardial ridge development
(Sox4) (Schilham et al, 1996), developing cardiac and
skeletal muscle systems (Sox6) (Hagiwara et al., 2000)
and neural crest cell differentiation (Sox10) {Southard-
Smith et al., 1998).

Sox proteins are categorized into six subfamilies based on
sequence homology within the HMG box and other domains
(Pevny and Lovell-Badge, 1997). The group D subfamily
consists of Sox5, Sox6 and Sox13. Although many Sox
proteins are encoded by a single exon, group D Sox genes
contain multiple exons with conserved genomic structure
(Wunderle et al., 1996, Argentaro et al., 2000). They also

0378-1115/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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share conserved N-terminal domains, including a leucine
zipper, coiled-coil domains and a glutamine-rich region
(Q-box), as well as the highly conserved HMG domain
(Kido et al., 1998), which are considered critical to their
function.

Group D) Sox genes are known to express two types of
alternatively spliced transcripts, short and long forms
(Hiracka et al., 1998; Argentaro et al., 2000). The short
form is a component of the long form, and it lacks the
characteristic N-terminal domains. The two forms exhibit
different expression patterns: in mouse, the short forms of
Sox5 and Sox6 are predominantly expressed in testis
(Connor et al., 1995; Denny et al., 1992). In contrast, the
long form of Sox6 is expressed in multiple tissues, espe-
cially in skeletal muscle, and the long form of Sox5 (I-
Sox5) is primarily expressed in cartilage (Lefebvre et al.,
1998). Co-expressed with Sox9 during chondrogenesis, I-
Sox5 and Sox0 heterodimerize via their coiled-coil dormains
and activate the type II collagen gene (Col2A41), which
encodes a major matrix component protein in eartilage
(Lefebvre et al., 1998).

In humans, only the short form of the SOX5 gene has
previously been identified (Wunderle et al, 1996). This
short form shares high homology with mouse SoxS.
Human $OX6, which is predicted to interact with the long
form of SOXS, has recently been identified (Cohen-Barak et
al., 2001). These facts strongly support the existence of a
long form of human SOXS (L-SOXS5). Identification of the
human L-SOX5 gene will be an important first step toward
determining the precise role of the group D SOX genes in
human chondrogenesis and other developmental pathways.

Here we report the isolation and characterization of the
human L-SOX5 gene. L-SOX5 contains all cardinal motifs
commeon to group D SOX proteins. Like its mouse counter-
part, L-SOX5 has multiple transcriptional start sites and
multiple alternative splicing variants, but it shows a unique
expression pattern in human tissues.

2. Materials and methods
2.1. 5" and 3'-RACE

To extend the SOX5 sequence in the 5'- and 3/~directions,
we performed rapid amplification of cDNA ends (RACE).
Because mouse L-Sox5 is expressed in both liver and
cultured chondrocytes, and human SOX5 is expressed in
testis, we used Marathon-Ready human liver and testis
cDNAs (Clontech, Palo Alto, CA) and a custom-made
cultured human chondrocyte ¢DNA template prepared
using the Marathon ¢DNA Amplification Kit (Clontech)
as templates, according to the manufacturer’s instructions.

The 5'-RACE was performed using two sets of first and
nested primers. The first set of gene-specific primers, 5'-
CCTTGAACCTGGATCTGTTGCTGGA-3' (firsty and 5'-
CTGCTTGGCCAGCTCCATTTGCT-3'  (nested), was

designed based on published human SOX35 ¢cDNA sequence
{GenBank accession no. $83308). Products from the first
amplification were cloned into the TOPO-pCR2.1 vector
(Invitrogen, Carlsbad, CA) and sequenced. A second PCR
reaction was performed using the primers 5'-
AAAGGCTGGGAGCCCGTCACTCT-3' (first) and 5'-
CTTCCCCATACGGAGAGGCTGGTC-3’ (nested),
which were designed based on ¢DNA sequence obtained
from the first amplification. The resulting PCR products
were subcloned and sequenced,

The 3-RACE was carried out in a similar fashion. The
first set of gene-specific primers consisted of 5'-
GGTTCATCCTTACCAGTGGCCAAGC-3' (first) and §'-
GACCTCAGCCTCAAAAGGCTTGGAA-3 (nested). The
second set consisted of 5'-TGGGGATGAAATCCCA-
CATCCT-3' (first) and 5-TCTGGGGATGAAATCCCA-
CATCC-3' (nested).

2.2. Cell lines and cultures

The human chondrosarcoma-derived cell line, CS-OKB
was as previously described (Chano et al., 1998). OUMS-27
cells that also derived from human chondrosarcoma (Kuni-
sada et al.,, 1998) were purchased from IFO Animal Cell
Bank (Osaka, Japan). The human chondrocyte cell line
was purchased from Cell Applications Inc. (San Diego,
CA). The HepG2 (RCB1648) and HuH-7 (RCB1366) cell
lines were provided by Riken Cell Bank (Tsukuba, Japan).
CS-OKB cells were maintained in RPMI1640 medium
(Sigma, St. Louis, MO) with 10% fetal bovine serum
(FBS) (Gibeo BRL Inc., Washington, PC), OUMS-27 and
HuH-7 cells were maintained in Dulbecco’s modified
Eagle’s medium-high glucose (Sigma) with 10% FBS.
HepG2 cells were maintained in minimal essential medium
(Sigma) with 0.1 mM non-essential amino acids and 10%
FBS. All cell culture media were supplemented with peni-
cillin {50 units/m!) and streptomycin (50 mg/ml). Human .
chondrocytes were maintained in special medium according
to the manufacturer’s instructions

2.3. Preparation of genomic DNA

Genomic DNA from 16 Japanese individuals was |
extracted from peripheral blood leukocytes using a Geno-
mix kit (Talent, Trieste, Italy), These individuals were parti-
cipants in the Genetic Study Program of Bone and Joint
Diseases at Tokyo University and its related institutes, Writ-
ten informed consent was obtained from each participant.

2.4. Preparation of poly(A)" RNA

Total RNA was extracted from cell lines and cultured
human chondrocytes using ISOGEN (Nippon Gene,
Tokyo, Japan), and poly(A)" RNA was prepared using the
PolyATtract mRNA Isolation System (Promega, Madison,
WI), according to the manufacturer’s protocol.
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2.3, PCR amplification of L-SOXS ¢DNA

Through 5'-RACE analysis, we identified two major long
SOXS5 transcripts with different transcriptional start sites
and 5'-UTR sequences. To confirm the existence of these
transcripts, we amplified the entire coding sequence using
two primer sets complementary to the 5'- and 3-UTR
regions of the L-SOXS5 gene. The first primer set consisted
of 5-AAAGGGAAATTGTGCTTTTCCAG-3' and 5'-
GGGCTTCTTTAAGTCCTAAGGTCA-3', and the second
primer set was 5'-GCTGAACAGAGAATTCTGGCACT-
3’ and 5-TATCAGTTGGCTTGTCCTGCAAT-3. The
cDNA sequence of the 3'-UTR was also amplified using
the primer set 5'-ACCCAAAAGCAAGGATGAAGTG-3/
and 5-GGGGGTGAGATAGGAAAATGATG-3 (corre-
sponding to nt 11544259 in Fig. 1). This inter-exon PCR
primer set was designed to eliminate contamination by
genomic DNA. ¢DNAs from several tissues, including
those used for RACE analyses, were used as templates in
these PCR amplifications. The obtained PCR products were
subcloned and sequenced to identify altemnative splicing
variants,

2.6. Analysis of alternarive splicing variants

To identify expression pattern of exon 5-alternative spli-
cing variants in various tissues, RT-PCR analysis was
performed with a primer set of 35-GGAGTTCC-
CAGGGCTGTACT-3 and 5'-AGGTAGCCATGGTGA-
CAAGC-3' which spanned exons 5 and 6. Total RNAs
(500 ng) from the Human Total RN A-Master Panel II (Clon-
tech) were reverse-transcribed using MultiScribe Reverse
Transcriptase (ABI, Foster City, CA, USA) and randem
hexamers in 50 jl reaction volume according to the manu-
facturer’s protocol, and 1 pl of each RT reaction was used as
a template for the second-step PCR. PCR fragments were
analysed by 4% agarose gel electrophoresis.

2.7. SYBR Green real-time RT-PCR

To quantify expression of the two transeripts (designated
A and B) that had different transcription start sites, a two-
step SYBR Green real-time RT-PCR (Qiagen, Hilden,
Germany) was performed. Total RNAs were reverse-tran-
scribed as described in the previous section, and 1 ] of each
RT reaction (10 ng per well, respectively) was used as the
template for SYBR Green PCR. SYBR Green PCR ampli-
fication and real-time fluorescence detection was performed
by a 7700 sequence detection system (ABI) using two
unique sense primers, 5-GACGATCATAGGTGGCTG-
CT-3' (for the A transcript) and S5'-TGATGACAT-
GATTCCTGTTTGA-3' (for the B transcript), and a
common anti-sense primer (5'-TGGCTACCTCTC-
CATCTGCT-3"). Both primer sets were designed to create
approximately 140 bp amplicons. The plasmid DNAs that
contained 5'-UTR sequences of the A or B transcript were
linearized by Xhol digestion, respectively, and used as stan-

dard templates, QuantiTect SYBR Green PCR Master Mix
(Qiagen)} was used for the reaction according to the manu-
facturer’s protocol. Copy numbers of the A and B transcripts
in each total RNAs were calculated using standard curve
methods, and the ratios of the both transcripts were deter-
mined. All reactions were run in quadruplicate.

2.8. Northern blotting

Northern blot analysis was performed using a human
multiple-tissue Northern blot membrane (Clontech), as
well as poly(A)* RNA extracted from several liver and
cartilage cell lines and cultured human chondrocytes.
Poly(A)" RNA was separated on a 2% formaldehyde gel
along with digoxigenin (DIG) labeled RNA molecular
weight marker I (Roche, Manheim, Germany), and bloited
to nylon membranes by overnight capillary transfer. A 498
bp fragment of L-SOX5-specific cDNA (nt 546-1038) was
PCR amplified and cloned into the TOPO pCR2.1 vector
{Invitrogen). The L-SOX5 clone was linearized by HindIII
digestion, and a DIG-labeled L-SOXS antisense-RNA probe
was prepared by in vitro transcription using a DIG RNA
labeling kit (Roche). After overnight hybridization, the
RNA probe was detected by chemiluminescence using
anti-DIG AP antibody (Roche) and CDP-Star substrate
{Tropix Inc., Bedford, MA) (Holtke et al., 1993).

2.9. Analysis of genomic organization and screening of
Sequence variants

Exon—intron boundaries of L-SOX5 were identified for
comparison of the L-SOXS cDNA sequence with genomic
sequences in public databases (accession nos. AC087319,
AC022359,  AC087244,  ACD34120,  AC0D69208,
ACO087312). Genomic regions not identified through this
approach were cloned using a Genome-Walker kit (Clontech)
(Siebert et al., 1995), or by direct PCR amplification of
unknown introns. Intron 8 was amplified using the primer
set 5-AGCGTCAGCAAATGGAGCTG-3' and 5'-TGGAG-
CAAATTGATTTTGTGTTG-3'. Genome-walker analysis
was performed using three gene-specific primer sets: $5G31
(for the intron 7 acceptor site), 5'-TGCTTGGCCAGCTC-
CATTTGCT-3’ (first) and 5'-TACCCATGAGTTGCCTTT-
CTTTCTCA-3" (nested); S5G34 (for the intron 6 acceptor
site), 5'“TGCAAGAAGCTTGTCTTTCCAGTCC-3' (first)
and 5"-TGCAAGAAGCTTGTCTTTCCAGTCC-3’ (nested);
85G35 (for the intron 7 donor site), 5-CTCTCAAAG-
GACTGGAAAGACAAGC-3' (first) and 5'-AGACAAGC-
TTCTTGCAATGGGATCG-3' (nested).

Finally, based on sequences obtained through database
searches or Genome-walker analysis, all exons and their
flanking regions were PCR amplified from genomic DNA
of 16 individuals. Direct sequencing was performed on both
strands to confirm the genomic sequence of L-SQX5 and
identify variations within the L-SOXS5 gene.
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Fig. 2. Alignment of human L-SOXS and 30X6 amino acid sequences. Numbers refer to amino acid positions in the protains. Sequences were aligned using the
DNAsis version 3.7 program (Hitachi software engincering, Tokyo, Japan). Identical amino acids are linked by vertical lines. The exon/exon boundaries are
marked with arrowheads. The Sry-related HMG box is indicated by white letters in black boxes. The Q-box is indicated by white letters in gray boxes. The
individual leucines of the leucine-zipper motif are alse shown by white letters in black boxes. The alternatively spliced sequences are underlined.

transcripts (Fig. 3a). One transcript (A transcript} contained
an initiating methionine in exon la; another (B transcript)
had four non-coding exons, and the initiating methionine
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was located in exon 5, which was the first exon common
to both transcripts. This translation start site inexon Sisina
comparable position to that of SOX6 (Cohen-Barak et al.,
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Table 1
Human L-SOXS exon-intron boundaries*

Exon no. Exon size (bp) Splice acceptor Splice donor
la 140 - AGTTTGAAAG gtgagtacag
1b 115 - ACCGGGTAAG gtgcgtgaat
2 82 tettetctag GCTTTTTAAA AATGTGGCAG gtgggtctct
3 77 tatatceceag GTGCTGTGCT ACCTACTGGS gtatgtacaa
4 97 attttteocag CTTTCCTCTT TAGGAAARAG gtatattoat
5a 232 ttecctteorag GATGTCTTCS CAATACAATG gtaggtttct
5b 127 =53 TCCCTTGCAT gtgagtttte
6 211 tctottbeag GAAGTTGATG GAGCCGGAAG gtaaaggctg
7 87 ctttacttag AAACCCCCAG GAAATAAAMG gtaatatggt
8 173 tgatttgtag GGACTCCCGA ACAAGAACAA gtgagtaaga
9 69 ttotteacag ATTGCAAGAC ACAGATCCAG gtcagaaate
10 121 cgttcagcay GTTCAAGGTC GCTGGATGTA gtaagtactg
11 85 tettacttag GTGACCCTTA CCAACTGCAG gtaagtcagy
12 147 tcttetgtag CAGTTATATG CAAAAGCAAG gtacoctttt
13 178 atcattgeag GATGAAGTGG AGCACAATAG gtaagttctyg
14a 146 tcatgttcag GTTACTTAAA AACAGAAAAG gtcagttcat
14b 83 =14a GGAACAACAG gtgcttgatg
15 109 ttttttaaag GAAANAACAA GATTCTGATG gtttgtgaaa
16 174 ctgttttcag GAAGTGCTGG AAGATATTGG gtaagaaaad
17 217 ttettcatay GATCTCGCTG TCAATGTTGGE ghtatgtacet
18 2171 ttcttgacag GCAACAA_CA -

* Ten bases on either side of the exon~intron boundary are shown for each junction. Exonic sequence is indicated in capital letters, with the splice acceptor

and splice donor sequences shown in boldface.

3. Results
3.1. Identification of cDNAs encoding human L-SOX5

Through 5'-RACE analysis, we identified two distinct L-
SOX5 transcripts. The longest cDNA sequence obtained by
RACE analysis, along with its deduced amino-acid sequence,
is shown in Fig. 1 (DDBJ accession no. AB081588). The
c¢DNA sequence contains an open reading-frame that encodes
a 763-amino-acid protein, which exceeds the length of the
SOX5 short form (GDB 5584271) by up to 416 amino acids.
The translation start site for the short form of SOX35 is located
at.codon 417 in L-SOX5. An in-frame termination codon is
present 64 nucleotides upstream of the putative initiating
methionine. Putative poly(A) signals (AATAAA) are located
at nt 3943-3948 and 4128-4133,

Human L-SOXS5 protein contains several functionally criti-
cal domains common to other group D Sox proteins, including
the leucine zipper motif, the Q-box (glutamine rich region)
{Kido et al., 1998), two coiled-coil domains and the HMG
domain. The human and mouse L-SOXS protein sequences
share 97% amino acid identity, and L-SOXS and human SOX6
proteins share 59% identity (Cohen-Barak et al., 2001). L-
S0OX5 and SOX6 were 100% identical within the HMG

domaijn and 93% identical within the functionally critical
N-terminal region that includes the leucine zipper muotif,
the coiled-coil domain and the Q-box (Fig. 2).

3.2, Genomice structure of human L-SOX3

Exon-intron boundaries of L-SOXS and their flanking
sequences are shown in Fig. 1 and Table 1. Human SOX5
has previously been mapped to chromosome 12p12, and all
genomic sequences obtained from comparison of the L-
SOX5 cDNA sequence with public database entries mapped
within this region. Sequences flanking exons 7 and & could
not be obtained from public databases and were instead
determined experimentally (ABO81590 ABO081591).
Sequences of all exons along with their flanking intronic
sequences were confirmed by direct sequencing of PCR
products from genomic DNA of 16 individuals. All exon-
intron boundaries were conserved between L-SOX5 and
S0X6 (Cohen-Barak et al,, 2001).

3.3. Alternative splicing of human L-S0X5

We identified at least two major transcription start sites
and two different translation initiation codons in the L-SOX5

Fig. L. Nucleotide sequence of the human L-SGX5 ¢DNA and its deduced amino acid sequence. Nucleotides and amino acids are numbered on the right. In-
frame stop codons are indicated with an asterisk. The two different translation start sites (ATG) are shown in italic bold letters with anderlines. The translational
start site for the short form of SOX5 is also shown in italic bold letters and is double-underlined. The Sry-related HMG box is indicated by white letters in black
boxes. The Q-box is indicated by white letters in a gray box, The two ceiled-coil domains are box-shaded, The leucine zipper motif is gray-shaded.
Polyadenylation signals (AATAAA) are double-underlined. Exon/exon boundaries are marked with arrowheads, and the exon-intron boundaries of the

alternatively spliced exons are marked with open arrowheads,
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Fig. 3. Variation in the transcription start site of L-SOX5. (a) A scheme for the exon structure of the two transcription start-site variants of L-SOX5. One transcript (A
franscript) starts from exon 1a that contains an in-frame upstream stop codon and the putative translation start site (ATG); another transcript (B transcript) which starts
from exon 1k has four non-coding exons that contain no ATG codon after an in-frame stop codon. The first common exon between the two transcripts is exon 5, and
the B transcript has a putative translation start site in this exon, (b) Relative amount of the two transcripts. The A and B transcripts were quantified by a real-time RT-
PCR analysis and the relative ratio (B/A) was determined, The B transcript is more abundant than the A transcript in all tissues examined.

2001). The 5'-UTR sequence of this transcript was also
registered (ABO081589). Realtime RT-PCR analysis
revealed that both transcripts were expressed in various
tissues, and the B transcript was more abundant than the
A transcript in all tissues. The ratio of the transcripts (B/
A) was different among tissues (Fig. 3b).

L-SOX5 also contained an alternative splicing site in exon
5. Comparison of two published mouse cDNA sequences
(Hiraoka et al.,, 1998; Lefebvre et al., 1998) revealed an
alternative splicing of the mouse L-Sox35 at the correspond-
ing position in the corresponding exon, In human, this exon-
5 alternative splicing was observed in various tissues,

although no tissue-specific expression pattern was deter-
mined (Fig. 4). This splicing event did not involve the
highly conserved region critical to SOX5 function. The
alternative splicing was not detected by Northern analysis,
probably because of the small size difference between the
splicing variants.

5'-RACE analysis also confirmed the existence of the
short form of SOX5, which corresponds to exons 13-18 of
L-50X35, in a testis cDNA library. The short form contained
a non-coding exon located between exons 12 and 13 of the
long form and was not present in chondrocyte or liver cDNA
samples.

300 §
200

100

Fig. 4. Tissue distribution of the exon 5-alterative splicing variants. RT-PCR analysis using a set of primers encompassing alternatively-spliced site produces
310 and 204 bp products, both of which are expressed in multiple tissues. In heart and liver, the smatler product is predominant,
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Fig. 5. Northern analyses of L-SOXS in human multiple tissues and human cell lines. The filters were hybridized with DIG-labeled human L-SOX5-specific
cDNA fragments (nt 546-1038). Each lane of the cell line blot contains 500 ng of poly(AY* RNA. L-SOXF is expressed in various tissues, most predominantly
in heart, skeletal muscle and liver. It is also expressed in cultured human chondrocytes (HC) and the two human chondrosarcoma-derived cell lines, CS-0KB

and OUMS-27.

3.4. Expression of human L-SOX35

Expression of L-SOX5 mRNA in human tissues and cel]
lines is shown in Fig. 5. An approximately 5 kb transcript
was expressed in various tissues, most predominantly in
heart, skeletal muscle and liver. This transcript was shorter
than that of mouse L-Sox3 (7.4 kb) and comparable to the
transcripts shown in Fig. 1. L-SOXS5 was also expressed in
cultured chondrocytes and the two human chondrosarcoma-
derived cell lines, CS-OKB and OUMS-27, which showed
cartilage phenotypes (Chano et al., 1998; Kunisada et al.,
1998).

3.5. Sequence variations within human L-S0XS

We scanned all exons and ~100 bp of each flanking
intronic region to identify polymorphic loci in the human
L-SOXS5 gene. Table 2 shows loci for which at least two
minor alleles were detected in the 16 individuals analysed;
these loci and are thus expected to be common in general
population. We identified five variant loci in L-SOXS; three
were located in the promoter region, and two occurred in

Table 2

Single nucleotide polymorphisms in human L-SOXS5 gene

Position Nucleotide change Allelic
frequency*
(No. of
chromosomes}

Upstream of exon la —943G > A 8/32

Upstream of exon la — 842G > A 7132

Upstream of exon la -713C>G 732

Intron 6 IVS6 +29G > A 5/32

Intron 16 IVS16 + 29A > G 13/32

* Allelic frequency of the minor alleles is shown.

introns. Our screen did not detect any variant that resulted in
an amino acid substitution. One silent coding SNP (ca.
630C > A} was detected, but only one minor allele of this
SNP was detected among 32 chromosomes.

4. Discussion

We have identified the human L-SOX5 c¢DNA. The
predicted human L-SOXS protein, which is more than
twice as large as the short form, contains motifs that are
characteristic of group D Sox proteins but absent from the
short form. These motifs are highly conserved between L-
SOXS and SOX6, and between human and mouse L-SoxS.
This intra-familial and inter-species conservation highlights
the importance of these motifs in the function of group D
Sox genes. In mouse, L-Sox5 and Sox6 proteins form homo-
or heterodimers through their coiled-coil domains and
recognize pairs of HMG-binding sites (Lefebvre et al.,
1998). This interaction between L-SOXS and SOX6 is
thought to be common between human and mouse and
essential to SOX function,

The exact function of L-SOX5 remains elusive. In
mouse, L-Sox5 is primarily expressed in cartilage, and its
expression is associated with the chondrocyte phenotype
(Lefebvre et al., 1998). SoxS-deficient mice show a chon-
dredysplasia-like phenotype (Smits et al., 2001). During
the pre-developmental phase of cartilage, L-Sox5 and
Sox§ are co-expressed with Sox9, and they trans-activate
Col2Al in the presence of Sox9 (Lefebvre et al, 1998).
Sox9 is a critical transcription factor in cartilage develop-
ment (Bell et al., 1997; Lefebvre et al,, 1997); in humans,
SOX? mutation causes campomelic dysplasia, a skeletal
dysplasia characterized by severe chondrodysplasia and
sex-reversal (Foster et al., 1994; Wagner et al., 1994). In
this study, we have observed expression of human L-SOXS5
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in chondrocyte and chondrocytic cell lines. Together,
these findings suggest an important role for L-SOX5, in
concert with SOX6 and SOXS, in human cartilage devel-
opment.

L-Sox5 also exhibits species-specific differences in
expression patterns. In situ hybridization of mouse embryos
shows L-Sox5 expression primarily in cartilage, co-loca-
lized with Col2A1 and Sox9 transcripts. Northern analysis
shows strong expression of L-Sex5 in primary chondrocytes,

~ chondrogenic cell lines and brain, weak expression in fetal
liver, and no expression in skeletal muscle and heart
(Lefebvre et al., 1998). We have observed human L-SOX3
expression in chondrocytes and chondroeytic cell lines;
however, it is also strongly expressed in skeletal muscle
and heart, similar to SOX6. The different expression pattern
suggests that in human L-SOXS5 performs multiple functions
in various tissues other than COL2AI trans-activation.
Therefore, regulatory mechanism of the human and mouse
L-S0x5 gene may be different. Further analysis of the
promoter sequences in human and mouse would address
this interesting issue. Cumrently, we could not find any infor-
mation about mouse L-Sox5 promoter sequences.

Strong expression of L-SOXS and SOX6 in skeletal
muscle and heart suggests potential roles in human myogen-
esis. Interestingly, mice homozygous for 2 Sox6 mutation
('™ show abnormal ultrastructure of skeletal and cardiac
muscle. The p 1000 mutant develops a widespread myopathy
that affects skeletal and cardiac myocytes {(Hagiwara et al.,
2000), providing strong evidence for the importance of Sox6
in striated muscle development. Because L-SOXS5 is co-
expressed and intimately interacts with SOX8, it may also
play a similar role in human muscle development.

The wide range of expression of the long form of SOX5
contrasts with the testis-specific expression of the short form
(Wunderle et al., 1996) implying very different functions for
the two forms. The short form lacks N-terminal motifs criti-
cal to function as a transcription factor and association with
SOX6. Expression analysis in the adult mouse revealed that
Sox5 proteins were restricted to the nuclei of haploid round
spermatids within the testis (Connor et al., 1994), Therefore,
the short form of SOX35 is likely to play a limited and specia-
lized role in testis development.

The human IL-SOX5 gene shows complex splicing
patterns, containing at least two major transcription start
sites that are distinct from that for the short form. Although
the B transcript lacks the N-terminal 13 amino acids of the A
transcript, the protein product of this transcript is likely to be
as functional as the A transcript because of its predominance
in multiple tissues and homology to SOX6 protein. L-SOXS5
also has an alternative splicing site in exon 5. Because no
tissue-specific expression pattern was observed, and
because the variable region did not contain the highly
conserved motifs, this splice variant is unlikely to have
functional significance. Minor functional variances
conferred by altemative splicing may be needed for some
specific developmental process, however.

In conclusion, we have identified the human L-SOX3
cDNA sequence, determined its genomic organization and
examined its expression. The expression pattern of L-SOX5
suggests potentially different functions from its mouse
counterpart and the short, alternatively spliced form.
Human L-SOX5 is likely to play important roles in chon-
drogenesis and development of striated muscles. Further
analysis of the L-SOXS gene should reveal novel functional
information about musculoskeletal development and its
related diseases.
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Dominant role of the PCL during deep knee flexion
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Dynamic knee loads were evaluated in 39 normal healthy knees during walking, stair-
ascending, and deep flexion activities. A four camera system and a force plate were used to
obtain knee kinematics and kinetics. Internal joint forces were calculated using a statically
determinant knee model. During deep flexion beyond 100 degrees, compressive forces were
between 3000 and 4000 N. There were 5 to 30 times more forces (300-1800N) on the PCL during
deep flexion compared to the ambulatory activities, while the loads on the ACL were less than
100N during the deep flexion activities. The maximum PCL forces were loaded at between 90-
150 degrees during deep flexion. The results indicate that the PCL should have a dominant role
during the activities that require flexion more than 100 degrees. The large forces on the PCL
should be regarded in the design of total knee arthroplasty that is capable for deep flexion.
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Abstract

Hyperbaric oxygen (HBO) is a method of augmenting, intermittently, oxygen availability to tissues. We examined the effect of
three different HBO exposures on the healing of experimentally induced ligament lacerations in the right hind limb of 44 male Wistar
rats. Animals were divided into four groups after ligament injury: (a} control group, animals breathed room air at 1 ATA (at-
mosphere absolute) in a hyperbaric chamber for 60 min; (b) HBO treatment at 1.5 ATA for 30 min once a day, {¢) HBO treatment at
2 ATA for 30 min once a day, (d) 2 ATA for 60 min once a day. At 14 days post-ligament injury, we compared the ligaments of the
four treatment groups for gross appearance, histology and expression of pro-a(f) mRNA by northern hybridization. Our results
indicate that HBOQ was effective in premoting ligament healing compared to control (p < 0.01), Of these three exposures, HBO at 2
ATA for 60 min was the most effective, resulting in enhanced extra-cellular matrix deposition as measured by collagen synthe-
sis..® 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.

Introduction

Hyperbaric oxygen (HBO) therapy has been pro-
posed as a method to promote wound healing [13,23).
Currently, a number of elite athletes are using HBO in
an attempt to speed recovery from sprains and contu-
sions, especially with regard to muscle and ligament
rupture [3,4,8,10].

Collagen synthesis and fibroblast proliferation are
closely related to oxygen availability and cannot proceed
without the presence of oxygen [9,16,19]. Oxygen is re-
quired for the hydroxylation of proline and lysine, a step
that is essential for the synthesis of collagen by fibro-
blasts [21]. In ischemic wounds, the PO, level is lower
than in normal tissue due to disrupted circulation and
edema. A wound with an oxygen tension 5-20 mm Hg
below the nermal range 4045 mm Hg is hypoxic [12].
In vitro, 80 mm Hg was the maximum level of PO,
considerzd to be optimal for collagen synthesis and fi-

" Corresponding  author. Tel: +81-298-612564; fax: +81-298-
612565.
E-mail address: yoshi.ishii@aist.go.jp (Y. Ishii).

broblast growth, being approximately twice the level is
found in normal tissue [17]. Kivisaari et al. [14,15] mea-
sured tissue gas tensions in vivo by means of a silastic
tonometer implanted under the skin of rats to measure
gas pressure. Subcutancous tissue PO, levels were in-
creased to 600 mm Hg with exposure to HBO at 2 ATA.
In addition oxygen has been shown to be a signal device
for cell activation and oxidative phosphorylation [1,2].

In the present study, we examined the effect of HBO
at 2 ATA and 1.5 ATA for 60 and 30 min period on the
healing of ligament by examining histology and pro-«l
(I) mRNA expression.

Materials and methods

Approval for animal work was obtained from the ethical committee
of University of Tsukuba. Forty-four male Wistar rats (aged 8 weeks
and weight was 250-270 g} were used in this study, Prior to the ex-
periment, the rats were housed in cages for one week, The animals were
anesthetized with pentobarbital intraperitoneally (60 mg/kg) and a
longitudinal incision was made over the lateral aspect of the right knee.
The patellar ligament was exposed and a laceration (2 mm) was made
with a razor-thin knife, transversely in the middle of the patellar
ligament, leaving fibers on both sides of the laceration intact. The

0736-0266/02/$ - see front matter © 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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laceration represents approximately 806% of the ligament’s width, The
skin was sutured with 4-0 nylon. After recovering from anesthesia, the
animals were returned to their cages. The rats were divided into
the following groups (n = 11 per group):

{Group A) Normobaric room air {control group),

(Group B) Treated with HBO at 1.5 ATA 30 min daily.

(Group C) Treated with HBO at 2 ATA 30 min daily.

{Group D) Treated with HBO at 2 ATA 60 min daily.

In each of the three HBO groups, the total number of applications was
10 over a peried of 2 weeks. Rats were fed a standard diet and housed
in individual cages.

For HBO treatments, the animals were placed in a cylindrcal
pressure chamber (P-5100 8; Hanyuda Iron Works, Japan) with a
volume of 15.2 1 and a continuous oxygen flow of 2 1/min, Three or
four animals at a time were put into the chamber and exposed to 100%
oxygen daily at a temperature of 25-26°C. The exposures to HBO were
as described above. Control animals were put into the chamber with-
out exposure to HBO for 60 min. After HBO treatment, the animals
were returned to their cages.

For histological studies, tissues were immersed in 10% formalde-
hyde and embedded in paraffin, sectioned and dyed with Azan stain.
Staining was carried out according to the manufacture’s instructions
(Muto Pure Chemicals, Japan). After de-paraffination, sections were
immersed in a mixture of 10% chromic acid and 10% trichloro-acetic
acid for 10 min and washed with dH,0. Thereafter staining was car-
ried out using Mallory’s azocarmin G solution for 60 min and washed
by dH;0, and rinsed with aniline mixed with ethanol and finally with
acetic acid also mixed with ethanol. After further washing with dH,Q,
samples were immersed in 5% phospho-tungstic acid for at least 60 min
and washed with dH;O. Subsequently samples were stained with
Mallory’s aniline blue orange G solution for 60 min and then washed
again with dH,0. Samples were then dried in various percentages of
ethanol sclution. Five animals were used in each group for this ex-
periment.

The repair sites of the four groups were assessed 14 days post-
surgery with the remaining six animals in each group. Tissues used for
total RNA extraction were carefully divided from the epitenon and
taken from the mid-third portion of the patellar ligament transversely.

Samples were immediately immersed in liquid nitrogen and subse-

quently stored at -80°C. Total RNA was extracted using an RNA
solution reagent (ISOGEN; Nippon Gene, Japan) according to the
manufacturer’s instructions. Etachinmate (Nippon Gene, Japan) was
used to facilitate total RNA collection. The amount of RNA recovered
was determined spectrophotometrically at 260 nm.

For northern hybridization, 1 pg of total RNA was denatured in a
sclution containing formaldehyde, MOPS, and formamide by heating
the mixture to 65°C for 10 min, followed by chilling on ice. RNA
samples were electrophoresed in 1.2% (w/v) agarose gel for 3hat 100 V
and transferred to a Hybond N+ membrane (Amersham, Little
Chalfont, UK} and subsequently immobilized by UV irradiation.
Filters were hybridized at $5°C using Digoxigenin (DIG)- labeled
c-DNA probes. Rat pre-al (I) positions (530-853 AA), correspounding
to the published nucleotide sequence of rat pal R [6], were obtained by
RT-PCR. Probes were labeled using a DIG RNA Labeling Kit
(Boehringer Mannheim GmbH Biochemica, Mannheim, FRG) ac-
cording to the manufacturer’s instructions. After washing, the filters

were exposed for 3-12 h to Kodak X-OMAT film (Eastman Kodak
Rochester, NY, USA),

The amount of pro-al {I) mRNA detected by northern hybrid-
ization was quantified by densitometry. We measured relative steady-
state levels of pro-al {I) mRNA extracted from rat patellar ligaments.
The mean value of the concentration in control animals was given as a
relative unit value of 1 and results are calculated from a comparison
with the mean value of the control group. Statistical analysis of the
data from the HBO and control groups was performed using ANOVA.,
Results are expressed as the mean % standard error of the mean
(n=06).

Results

From the gross appearance, the gap portion of the
patellar ligaments was filled with scar tissue 2 weeks
after wounding in all three of the HBO-treated groups,
but this could not be seen in the control group (Fig. 1).

Paraffin sections stained with Azan dye at 14 days
post-laceration are shown in Fig. 2. The junction of the
wound site and normal ligament were assessed by lon-
gitudinal sectioning. It was seen that the laceration be-
gan to be filled with collagen fibers and fibroblasts 2
weeks after wounding in all three of the HBO-treated
groups, but this was not seen in the control group. At 2
ATA 60 min, the wound was filled with collagen fibers
and the ligament appeared to be healing more quickly
than with the other two HBO exposures.

The relative expression levels of pro-al (I) mRNA are
shown in Fig. 3. Although the levels were significantly
higher (p < 0.01) in the HBO groups than the control
group (in order of increasing expression: 1.5 ATA 30
min, 2 ATA 30 min, 2 ATA 60 min) there was no sig-
nificant difference among the HBO groups themselves.

Discussion

HBO can dissolve oxygen in serum in proportionally
to its partial pressure according to Henry’s law, firstly
enhancing oxygen transport in hypoxic tissue and sec-
ond, increasing oxygen diffusion through tissue fluids.
Clinical applications of HBO include the treatment
of chronic refractory osteomyelitis [5,7] compartment

Fig. 1. Gross appearance: {A) Control; (B} 1.5 ATA 30 min; (C} 2 ATA 30 min; (D) 2 ATA 60 min. The wound was created in the middle of the

ligament transversely. Left site: femoral site, right site: tibial site.
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Fig. 2. Histology: (A) Control; (B) 1.5 ATA 30 min; (C) 2 ATA 30 min;
{D) 2 ATA 60 min. Left site: normal ligament, right site: healing liga-
ment {x100).

syndromes [20,24], and as an adjunct for healing of
problem wounds [18,22]. Staple and Clement [23] re-
commended the use of HBO following musculoskeletal
injuries in conjunction with physiotherapy and exercise.
They recommend 1.5-2 h treatments in the first weeks
after injury until healing is complete.

We have previously reported report that HBO ac-
celerated ligament healing histologically, and at 7 and 14
days at the molecular level (pro-zl (I) mRNA expres-
sion) with 2 ATA 60 min treatment once a day [11]. Here
we report that 2 ATA for 60 min was more effective than
other conditions when studying healing 14 days post-
injury. However, the administration of a lower pressure
and shorter duration of HBO was also effective com-
pared with the control group.

In conclusion, intermittent HBO at 2 ATA. for 60 min
is the most effective of three protocols used by assess-
ment of collagen synthesis in the healing ligament.
Further studies including biomechanical studies of the

{A)
| 2 3 1
(B}
(times)
= e
24
[
U
=
E 1
= E
= I, Control
L5 ATA 30min
3. 2ATA 30min
4. 2 ATA 60min
0

1 2 3 4

Fig. 3. Northern hybridization: (A) Northern analysis of pro-al (I)
mRNA levels 14 days post-laceration under the different conditions
(DIG label); (B) Expression levels in relative units calculated from the
mean value of the concentration of pro-at (I} mRNA for the control
group. The data represent the mean £S.E.; x p < 0.01 (vs. control),

effect of HBO on ligament strength are needed. Qur
results suggest that intermittent oxygen exposure plays
a significant role in collagen synthesis during wound
healing and my be beneficial in production of extra-
cellular matrix during tissue repair.
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Use of Isolated Mature Osteoblasts in Abundance Acts as
Desired-Shaped Bone Regeneration in Combination
With a Modified Poly-pi-Lactic-Co-Glycolic Acid
(PLGA)-Collagen Sponge
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Controlled regeneration of bone or cartilage has recently begun to facilitate a host of
novel clinical treatments. An osteoblast line, which we isolated is able to form new
bone matrix in vive within 2 days and exhibits a mature osteoblast phenotype both
in vitro and in vivo. Using these cells, we show that cuboidal bones can be
generated into a predesigned shaped-bone with high-density bone trabeculae
when used in combination with a modified poly-pi-lactic-co-glycolic acid (PLGA)-
collagen sponge. PLGA coated with collagen gel serves as a good scaffold for
osteoblasts. These results indicate that mature osteoblasts, in combination with a .
scaffold such as PLGA-collagen sponge, show promise for use in a custom-shaped
bone regeneration tool for both basic research into osteogenesis and for

development of therapeutic applications.

© 2002 Wiley-Liss, Inc.

The concept of regenerative medicine refers to the cell-
mediated restoration of damaged or diseased tissue, and
practically, regeneration of bone and cartilage may be
one of the most accessible approaches. Candidate cell
sources for regeneration of tissue include embryonic
stem cells, fetal cells or adult cells such as marrow
stromal cells (Bianco and Robey, 2000), each of which
has both benefits and drawbacks,

Multipotent mesenchymal stem cells have recently
been isolated from adult marrow and were shown to
proliferate extensively, and to maintain the ability to
differentiate into multiple cell types such as osteoblasts,
chondrocytes, and myoblasts in vitro (Umezawa et al.,
1992; Pittenger et al., 1999; Bianco and Robey, 2000),
We have also shown that stromal cells are able to
generate cardiomyocytes and endothelial cells (Makino
et al., 1999), neuronal cells (Kohyama et al., 2001), and
adipocytes (Umezawa et al., 1991). Clinical trials have
already been performed using marrow stromal cells to
treat patients with osteogenesis imperfecta (Horwitz
et al,, 1999) and osteoporosis (Canalis, 2000; Rodan and
Martin, 2000). Thus, marrew stromal cells are expected
to be a good source of cell therapy in addition to em-
bryonic stem cells and fetal cells (Pittenger et al., 2000).

© 2002 WILEY-LISS, INC.

]. Cell. Physiol. 194: 45-53, 2002.

Humoral factors have also been used to induce bone
formation (Yamaguchi et al., 2000). Bone morphoge-
netic proteins (BMPs) such as BMP-7 and BMP-2induce
osteogenesis in vivo when added them to matrix im-
plants (Service, 2000). Treatment of simple collagen
matrices with BMPs prompted rapid healing of bone
defects in animal models. In human, implants of a
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