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We have developed a simple and unique strategy for identifying cell surface and
extracellular matrix molecules produced by chondrocytes. Our strategy comprises
two methods, retrovirus-based signal sequence gene trapping and culturing of
Swarm rat chondrosarcoma chondrocytes. After infection with a retrovirus vector
and isolation of hygromycin-resistant clones, trapped genes could be easily identified
by the 5' rapid amplification of cDNA ends (5' RACE) method. Furthermore, the treat-
ment of isolated clones with gadolinium chloride enabled us to determine whether the
trapped gene expression was dependent on the state of chondrogenic differentiation.

Key words: chondrocytes, dedifferentiation, gadolinium chloride, gene trap, signal
sequence.

Abbreviations: 5 RACE, 5’ rapid amplification of cDNA ends; Bgyg, a B-galactosidase-hygromycin phosphotrans-
ferase fusion gene; LTC-RCS, a cell line established from a Swarm rat chondrosarcoma; X-gal, 5-bromo-4-chloro-3-

indolyl-B-D-galactoside.

Cartilage is a highly specialized tissue that contains
abundant extracellular matrix. Its main constituents are
type II collagen and the proteoglycan aggrecan, both of
which are considered to be hallmarks of cartilage differ-
entiation (I). Collagen molecules assemble into a fibrillar
network that retains within it highly polyanionic prote-
oglycans that exert swelling pressure to inflate the net-
work, thereby providing structural resistance to com-
pressive forces. Therefore, proper functioning of cartilage
requires the production of an appropriate cartilaginous
extracellular matrix and the maintenance of its integrity
by the cells of cartilage, the chondrocytes. The extra-
cellular matrix, in turn, provides important signals for
the proliferation, differentiation and homeostasis of
chondrocytes.

Although extensive molecular analyses of cartilage
matrix have been performed, cell surface and pericellular
molecules in the tissue have not been widely investi-
gated. These molecules must play important roles in cell—
matrix interactions as well as in signaling in response to
extracellular cues. Therefore, a comprehensive under-
standing of cell surface and secretory molecules ex-
pressed by chondrocytes is a prerequisite for understand-
ing the physiological and pathological conditions of
cartilage. To identify such molecules thoroughly in carti-
lage, we have developed a new strategy based on the sig-
nal sequence trapping reported by Skarnes et al. (2), and
the culturing of Swarm rat chondrosarcoma chondrocytes
established by King and Kimura (3).
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In this study, we first constructed a retrovirus-based
signal sequence trap vector that functions well in rat
chondrosarcoma chondrocytes. The vector contains a
reporter and selectable marker genes whose expression is
dependent on the acquisition of a signal sequence as
described by Skarnes et al. (2). The transfection of this
vector into rat chondrosarcoma chondrocytes enabled us
to capture genes encoding cell surface and secretory
proteins. Here we report our retrovirus-based signal
sequence trap strategy and its effectiveness.

EXPERIMENTAL PROCEDURES

Cell Cultures—The cell line used in this study was
established from a transplantable Swarm rat chondrosa-
rcoma (RCS) and has been maintained in continuous
monolayer tissue culture for a number of years (3). This
long term—cultured cell line (LTC-RCS) was used as a
model system for chondrocytes. The cells were cultured
at 37°C under 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with penicillin (50 units/
ml), streptomycin (50 pg/ml), and 10% heat-inactivated
fetal calf serum (HyClone Laboratories, Logan, UT, USA).

Construction of Gene Trap Vectors—The DNA frag-
ments used for the construction of vectors, pSV-ssTM§f-
gyg and pSA-TMpBgyg (Fig. 2, A and B), were as follows:
(i) a DNA fragment of about 1 kb containing the SV40
early promoter and the rabbit B-globin intron was cleaved
from expression vector pKCRH2 (4) with Pvull and Sacl;
(i1) a small fragment encoding the signal peptide of
preprotrypsin from pFLAG-CMV-1 (Sigma Chemical, St.
Louis, MO, USA) was excised with Sacl and Xbal; (iil) a
small fragment containing the splice acceptor sequence

© 2005 The Japanese Biochemical Society.

2102 ‘62 Jequeldes uo A1siealun Buied e /Bio'seulnolpioixo-qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

80
X 103 cells

8 & 0.10 mg/ml
7 0.15 mg/ml
6 B 020 mg/ml
5 0.25 mg/ml
4 B 0.30 mgml
3
2
1
0 &l

4d 7d 10d

Fig. 1. The effect of hygromycin on the survival of LTC-RCS
chondrocytes. LTC-RCS cells (5 x 10°) were plated on 35-mm tis-
sue culture dishes and then cultured in DMEM with 10% fetal calf
serum and the indicated concentration of hygromycin B. The cells
were fed with fresh medium every other day. On days 4, 7 and 10,
the number of cells excluding trypan blue was determined after
recovering of the cells from culture plates with trypsin-EDTA. Error
bars indicate standard deviation of data.

(SA) of mouse immunoglobulin was excised from
pIRES1hyg (Clontech, Palo Alto, CA, USA) with HindIII
and Pstl; (iv) the 0.7 kb DNA fragment encoding the
transmembrane domain (TM) of rat CD4 was amplified
from rat thymus mRNA by reverse transcriptase—
polymerase chain reaction (RT-PCR) using CD4-specific
primers, 5'-CATGCCATGGGAGAGTTGAGATGGAAGG-
CAGAG-3' and 5'-GCGGATCCATGAGATTGTGGCTTT-
TCTGCATCC-3'; (v) an about 3 kb DNA fragment encod-
ing the pB-galactosidase gene was isolated from the
plasmid pSV-B-Galactosidase (Promega, Madison, WI,
USA) by partial digestion with Clal and EcoRI; and (vi) a
1.5 kb DNA fragment containing the hygromycin phos-
photransferase gene and the herpes simplex virus thymi-
dine kinase polyadenylation signal was cleaved from
expression vector pCEP4 (Invitrogen, Carlsbad, CA,
USA) with Xmal and Sall. Individual DNA fragments
were first cloned into cloning vector pGEMS3Zf(-)
(Promega), and then several modifications were made to
their 5’- and 3’-ends for the production of functional
fusion genes. For instance, the 3'-end of the B-galactosi-
dase gene and the 5-end of the hygromycin phospho-
transferase gene were modified according to the sequence
reported by Natarajan and Boulter (5). Each DNA frag-
ment was then excised and ligated step by step. The
nucleotide sequences around the junction of each DNA
fragment were confirmed by direct sequencing with a
BigDye terminator cycle sequencing ready reaction kit
(Applied Biosystems, Foster City, CA, USA). The whole
sequences of the plasmid vectors pSV-ssTMBgyg and
pPSA-TMpBgyg have been submitted to the DDBJ under
accession numbers AB183487 and AB183486, respectively.

To produce a retroviral vector, prvSStrap (Fig. 2C), the
HindIIl fragment of pSA-TMpgyg was cloned into a
derivative of the pLNCX vector (Clontech) from which
the neomycin phosphotransferase gene and the cytomeg-
alovirus promoter had been excised with Clal and Bcll,
and the viral enhancer of the 3’ long terminal repeat (3’
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Fig. 2. Plasmid constructs for signal sequence traps. Plasmid
vectors pSV-ssTMBgyg (A), pSA-TMBgyg (B), and prvSStrap (C) are
schematically represented. SV, SV40 promoter/enhancer sequence;
SS, a sequence encoding the signal peptide of preprotrypsin; TM,
transmembrane domain of rat CD4; SA, splice acceptor sequence of
mouse immunoglobulin; Bgyg, a fusion of the B-galactosidase and
hygromycin phosphotransferase genes. Retrovirus sequences are
indicated by A3'LTR, enhancer-deleted 3’ long terminal repeat
sequence, YV, packaging sequence, and 5'LTR, 5 long terminal
repeat sequence.

LTR) was removed by partial digestion with Xbal and
Pyull. The transcriptional orientation of the fusion gene
in the retroviral vector is opposite to that of the virus.
The whole sequence of the vector prvSStrap has been sub-
mitted to the DDBJ under accession number AB183485.

Stable Transfections—A total of 1 x 107 LTC-RCS
chondrocytes were transfected in 0.8 ml of phosphate-
buffered saline (PBS) with 20 pg of pSV-ssTMpgyg (Fig.
2A), which had been linearized by digestion with Xmnl.
Transfections were performed by electroporation using a
Gene Pulser (Bio-Rad, Hercules, CA, USA) at 250 V and a
capacitance of 950 uF. As a control, pSV-p-Galactosidase
(Promega) was used to cotransfect LTC-RCS chondro-
cytes along with the hygromycin phosphotransferase
expression vector pCEP4 (Invitrogen). After electropora-
tion, cells were cultured in medium containing 0.2 mg/ml
hygromycin B (Invitrogen), and hygromycin-resistant
stable cells were isolated.

Stable transformants resulting from electroporation,
as described above, or from retrovirus infection, as
described below, were stained with 5-bromo-4-chloro-3-
indolyl-B-D-galactoside (X-gal; Wako Pure Chemical,
Osaka, Japan), following the procedure of Sanes et al. (6).
Briefly, cells were rinsed twice with PBS, fixed for 15 min
with 1% glutaraldehyde, and then rinsed again with PBS
before staining with X-gal overnight at 37°C.

Retrovirus Production and Infection—For the produc-
tion of infectious retrovirus, prvSStrap was linearized by
digestion with Xmnl, and the resultant vector DNA was
cotransfected into retrovirus packaging cell line PT67
(Clontech) with the neomycin phosphotransferase
expression vector pSTneoB (7). After selection with G418
(Calbiochem, Darmastadt, Germany), retroviral producer
cell lines were isolated. Virus titers were determined for
LTC-RCS cells with hygromycin selection. As described
above, the hygromycin phosphotransferase gene does not
have its own promoter, therefore the virus titer reflected
the efficiency of trapping of endogenous genes rather
than the infection number of the retrovirus.

In general, a single insert per cell is a critical require-
ment for further analyses in a gene trap experiment. To
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Fig. 3. Localization of p-galac-
tosidase activity in LTC-RCS
chondrocytes. Stable trans-
formants with pSV-Bgal (A) and
pSV-ssTMpgyg (B) were cultured
for 4 days, and then stained with
X-gal to reveal the B-galactosi-
e dase expression patterns. Stable
. cell lines transfected with pSV-
Bgal showed a uniform distribu-
tion of B-galactosidase activity in
the cytoplasm. In contrast, a sig-
nal sequence and a transmem-
brane domain in pSV-ssTMpgyg
changed the localization of B-ga-
lactosidase activity from the cyto-
plasm to the endoplasmic reticu-

achieve this, viral infection was performed at a low multi-
plicity of infection to restrict transfections to single inte-
grations. However, lowering of the multiplicity decreases
the efficiency of gene trapping. Thus, we carried out pre-
liminary experiments, varying the infection conditions to
obtain as many single integrations as possible, and then
selected conditions under which more than 95% of the
trapped genes occurred as single copies per cell.

Identification of Trapped Genes—To recover and iden-
tify trapped genes, rapid amplification of the 5’ end of the
cDNA (5’ RACE) was performed using a 5' RACE system
(Invitrogen). Briefly, total RNA was isolated from each
clone grown on a 100-mm tissue culture plate using an
RNeasy Mini Kit (QIAGEN, Valencia, CA, USA). First-
strand cDNA was synthesized from the total RNA using a
B-galactosidase-specific primer, lacZ (R1); 5'-CGCATCG-
TAACCGTGCATCTGCCAGT-3'. After cDNA synthesis,
PCR amplification of the target cDNA was accomplished
using nested primer SSRT-1, 5'-"TCCCAGTCACGACGT-
TGTAAAACGACGG-3', and an AAP primer (Invitrogen)
first, and then CD4-specific primer CD4 (R4), 5'-TAGG-
GAGAAGGTGATCCAGGACTG-3', and an AUAP primer
(Invitrogen). The PCR products were purified by agarose
gel electrophoresis and then prepared for sequencing
with a BigDye terminator cycle sequencing ready reac-
tion kit (Applied Biosystems) using CD4 (R5), 5'-CTG-
CCTTCCATCTCAACTCTCCCATGG-3' as a primer. The
reaction products were then run on an ABI Prism 310
Genetic Analyzer (Applied Biosystems).

Northern Hybridization—Total RNA from newborn rat
rib cartilage, LTC-RCS chondrocytes, and cloned cell
lines were isolated using TRIzol® Reagent (Invitrogen)
according to the manufacturer’s protocol. Northern blot
analysis was performed as described previously (8).
Briefly, 10 pg of total RNA was denatured, separated by
electrophoresis on a 1% agarose gel, and then transferred
to a Hybond N membrane with a vacuum blotter, Vacu-
Gene XL (Amersham Biosciences, Piscataway, NdJ, USA),
as recommended by the manufacturer. The following
cDNA fragments and 5° RACE products were used as
probes for hybridization; 0.5 and 0.4 kb ¢cDNA fragments
encoding the 3’ noncoding regions of rat al(II) collagen
(nucleotides 36-555; GenBank AJ224879) and rat a2(I)
collagen (nucleotides 4081-4463; GenBank AF121217),
respectively. After hybridization, the membranes were
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lum and cytoplasmic vesicles.

washed three times at a high stringency of 65°C in 0.1 x
SSC (15 mM NaCl, 1.5 mM sodium citrate) containing
0.1% SDS, and then exposed to X-ray films at —80°C or to
imaging plates (Fuji Film, Tokyo, Japan) at room temper-
ature.

Gadolinium Chloride Treatment—LTC-RCS chondro-
cytes were plated at 2 x 10 cells/cm? in 100-mm tissue
culture plates. After overnight culture in DMEM medium
supplemented with 10% fetal calf serum, the cells were
treated with different concentrations of gadolinium chlo-
ride as described in the text for 4 days with replacement
of the medium on day 2. The effects of gadolinium chlo-
ride on the chondrogenic phenotype were examined by
Northern blot analyses of type II collagen and type I col-
lagen expression. Furthermore, the effects on cloned cell
lines that have insertions in the al(IX) collagen and
a2(XI) collagen genes were monitored by X-gal staining.

RESULTS

To identify secreted and transmembrane proteins
expressed by chondrocytes, we considered the application
of secretory trap vectors previously reported by Skarnes
et al. (2) to a long term—cultured cell line (LTC-RCS)
derived from a Swarm rat chondrosarcoma (3). The origi-
nal vectors contain a B-galactosidase-neomycin phospho-
transferase fusion gene (Bgeo) as a reporter gene, but
LTC-RCS chondrocytes are insensitive to neomycin. More
than 1.0 mg/ml of G418 is required for complete selection
of neomycin-resistant cells (data not shown). Thus we
have changed the reporter gene in the trap vector to a
more effective one. For this purpose, we first examined
the sensitivity of LTC-RCS chondrocytes to various
drugs. As can be seen in Fig. 1, it is apparent that 0.2 mg/
ml of hygromycin B is enough to kill LTC-RCS cells
within a week.

Construction of a Retrovirus-Based Signal Sequence
Trap Vector—We first constructed a plasmid vector, pSV-
ssTMpBgyg (Fig. 2A), that corresponded to pActSSTMpgeo
reported by Skarnes et al. (2) except that our vector con-
tained an SV40 promoter, the signal sequence of preprot-
rypsin, and a fusion of the B-galactosidase and hygromy-
cin phosphotransferase (Bgyg) genes, instead of the
human B-actin promoter, the signal sequence of rat CD4,
and the Bgeo reporter gene. This plasmid vector was
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introduced into LTC-RCS chondrocytes by electropora-
tion. After selection with hygromycin, stable transform-
ants were stained with X-gal (Fig. 3B). The results were
consistent with the previous data of Skarnes et al. (2) in
that the reporter gene, B-galactosidase, activity was
detected in the endoplasmic reticulum and in cytoplasmic
vesicles. Furthermore, the data indicated that each DNA
fragment used for the vector construction functioned as
expected. Each construct was then modified to create a
new signal sequence trap vector by replacing the SV40
promoter and signal sequence in pSV-ssTMpBgyg with the
splice acceptor sequence of mouse immunoglobulin to
give pSA-TMBgyg (Fig. 2B).

As described by Skarnes (9), signal sequence gene
traps are basically dependent on the single insertion of a
reporter gene into an intron of an actively expressing
gene that encodes a signal sequence—possessing mole-
cule. Therefore, for successful gene trapping, multiple
insertion of vector DNA must be prevented. A single
insert per cell was easily achieved by means of retrovirus
infection at low multiplicity. Therefore, we further modi-
fied pSA-TMpBgyg to create a retrovirus-based vector,
prvSStrap, as shown in Fig. 2C. Briefly, the SA-TMpgyg
sequence was placed in the opposite direction to viral
transcription in the modified pLNCX retroviral vector
that lacked the viral enhancer sequences in the 3' LTR as
described by Friedrich and Soriano (10). The resultant
vector was then electroporated into PT67 retrovirus
packaging cells with a neomycin phosphotransferase
expression vector, pSTneoB (7). After selection with
G418, virus-producing cells were cloned and the produced
retrovirus was harvested from the culture medium.

S. Shirasawa et al.

Fig. 4. A variety of subcellu-
lar localizations of B-galac-
tosidase activity in LTC-
N RCS chondrocytes stably
transformed with retrovirus
vector rvSStrap. In each
clone, retrovirus insertions were
* found in different genes encod-
: ing a1(IX) collagen (A), FK506
h binding protein 9 (B), a2(XI)
- collagen (C), and a transform-
’ ing growth factor-beta-respon-
sive gene product (D).

Trapping of Genes Encoding Signal Sequences—To
examine the ability of retrovirus vector rvSStrap to cap-
ture signal sequences, LTC-RCS chondrocytes were
infected with the rvSStrap virus. After selection with
hygromycin, X-gal staining revealed the presence of j3-
galactosidase positive colonies that exhibited a similar B-

Fusion endogenous gene
Transcript
Exon 4
COL9al 5-GATTCCAACAAG gtgtccactccca- 3’

b —J 1 —J L L

Exon 3

COL11a2 5-CGCTGATGGCAA |gtgtccactccca- 3’

| IS o S I S N S S — — -

Exon 1

5-TCGCCAGCACGG [gtgtccactccca- 3’

| Iy U | N RN N S S |

TGFBI

Fig. 5. Schematic representation of fusion transcripts pro-
duced by clones shown in Fig. 4A (COL9al), 4C (COL11a2),
and 4D (TGFBI). The nucleotide sequences at the junction of the
endogenous gene (capital letters) and vector DNA (small letters),
and the reading frame of each transcript are indicated.
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Fig. 6. Northern blot analyses of trapped genes in cartilage
tissues. The same amount of total RNA (10 pg) prepared from fetal
rat rib cartilage (Cartilage) and LTC-RCS chondrocytes (RCS) was
subjected to Northern blot analyses. Hybridizations were performed
using 5" RACE products of each trapped gene as probes, TGFBI, a
transforming growth factor-beta-responsive gene (14); Sdk2, Side-
kick-2 (17); GRP58, glucose-regulated protein-58 (18); Notch1 (19).

galactosidase staining pattern to that observed with the
pSV-ssTMpgyg vector. To confirm that signal sequence
trap events occurred properly in these colonies, hygromy-
cin-resistant and p-galactosidase positive colonies were
randomly cloned and analyzed further. Although the X-
gal staining patterns subtly differed from each other, all
isolated clones showed B-galactosidase activity that was
localized in the endoplasmic reticulum and in cytoplas-
mic vesicles, as shown in Fig. 4.

We then analyzed partial sequences of the trapped
genes that were obtained by rapid amplification of cDNA
5" ends (5’ RACE), and compared the resulting sequences
with sequences in DNA databases using BLAST (NCBI).
This procedure, for example, was used to identify the
genes trapped by the construct for each clone shown in
Fig. 4. They were a1(IX) collagen (COL9al) (11), FK506
binding protein 9 (FKBP9) (12), a2(XI) collagen (COL11a2)
(13), and a transforming growth factor-beta-responsive
gene (TGFBI) (14), Fig. 4, A to D, respectively. To verify
that the splice acceptor functioned properly in the iso-
lated clones, the sequences obtained on 5’ RACE analysis
were carefully compared with the exon-intron junctions
of each endogenous gene. As shown in Fig. 5, insertion of
the vector DNA occurred in the 1st, 3rd, and 4th introns
of TGFBI, COL11a2, and COL9al, respectively. Other
clones were also shown to have used the splice acceptor
sequence appropriately to give a single open reading
frame with Bgyg.

Effectiveness of the Signal Sequence Trap to Capture
Molecules Expressed in Cartilage—Approximately 30%
of hygromycin-resistant colonies were positive for B-
galactosidase activity and showed various X-gal staining
patterns. Both the efficiency of B-galactosidase expres-
sion and the staining patterns are consistent with those
reported by Skarnes (9). Since Skarnes suggested that p-
galactosidase negative hygromycin-resistant colonies
have a type II orientation of the Bgeo fusion protein as a
result of the absence of a signal sequence, we did not ana-
lyze B-galactosidase negative colonies any further.

We have cloned 41 independent colonies showing f-
galactosidase activity, and all of them were subjected to 5’
RACE analyses. Of these 41 clones, 13 failed to amplify at
all. Of the remaining 28 clones, direct sequencing of 5’
RACE products revealed that 19 efficiently utilized the
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Table 1. Genes identified by signal sequence trapping.

Trapping frequency GenBank accession No. Gene name
6 XM_347112 COL9al
4 XM_216153 FKBP9
2 XM_215345 COL11a2
1 NM_009369 TGFBI
1 XM_340930 Sdk2
1 NM_017319 GRP58
1 XM_342392 Notch1
1 AB037248 ATP6k
1 AK076222 hypothetical
1 - novel

splice acceptor sequence of the vector, while the other 9
showed abnormal sequences coding the retrovirus vector
itself. Of the 19 that utilized the splice acceptor sequence,
BLAST searches revealed that 17 contained known genes
with a signal sequence, while the remaining 2 exhibited
no significant matches with any known gene (listed in
Table 1). The clones that represent true signal sequence
trap events have been analyzed further. In all these
clones, insertions of the COL9al, FKBP9, and COL11a2
genes were recovered 6, 4, and 2 times, respectively. The
multiple independent insertions in the same gene
strongly suggest that retrovirus insertions into the
genome do not occur randomly.

We have successfully obtained a substantial number of
signal sequence-possessing molecules that are expressed
in rat chondrosarcoma chondrocytes. However, our ulti-
mate goal is to identify molecules expressed in normal
cartilage. Therefore, we have examined the expression of
trapped genes in normal cartilage by means of Northern
blot analysis (Fig. 6). The results indicated that most, if
not all, of the trapped genes were clearly expressed in
both LTC-RCS chondrocytes and normal cartilage.

Differentiation-Dependent Gene Expression of Captured
Molecules—LTC-RCS chondrocytes exhibit various bio-
chemical characteristics of normal chondrocytes. There-
fore, we examined whether the gene expression of cap-
tured molecules changes in response to alteration of the
phenotype of LTC-RCS chondrocytes. Previous reports
indicated that 12-O-tetradecanoylphorbol-13-acetate and
all-trans-retinoic acid induced dramatic morphological
and biochemical changes of normal chondrocytes (15, 16).
These changes were accompanied by loss of the chondro-
genic phenotype. However, they have little effect on LTC-
RCS chondrocytes (data not shown). Recently, we found
that gadolinium chloride has potent effects on LTC-RCS
chondrocytes, resulting in a switch from the synthesis of
type II collagen to that of type I collagen (Fig. 7A). These
data suggested that the chondrogenic phenotype of LTC-
RCS chondrocytes was specifically inhibited by gadolin-
ium chloride. This was further supported on the gadolin-
ium chloride treatment of cloned cell lines that have
insertions in the COL9al and COL11a2 genes. In these
clones, the expression of B-galactosidase was suppressed
by gadolinium chloride in marked contrast to the consti-
tutive expression of B-galactosidase in LTC-RCS chondro-
cytes transformed with pSV-ssTMBgyg (Fig. 7B). Type IX
and type XI collagens are both well-known cartilage spe-
cific molecules (11, 13). Therefore, all these data strongly
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Fig. 7. Effects of GdCl; on RCS-LTC chondrocytes. (A) RCS-
LTC chondrocytes were grown in the presence of different concen-
trations (0, 0.1, 0.2, and 0.4 mM) of gadolinium chloride for 4 days.
Total RNA from each culture was blotted and hybridized with type
II collagen, COL2al, and type I collagen, COL1a2. (B) Isolated clones
having retrovirus insertions in the COL9al and COL11a2 genes
and, as a control, cells transformed with pSV-ssTMBgyg were grown
in the presence of different concentrations (0, 0.1, 0.2, and 0.4 mM)
of gadolinium chloride. On day 4, cells were stained with X-gal.

suggested that cartilage characteristic genes would be
responsive to gadolinium chloride treatment and that
this treatment would be useful for the enrichment of car-
tilage characteristic genes in our screening system.

DISCUSSION

We have developed a unique experimental system for iso-
lating secreted and cell surface molecules expressed by
chondrocytes. The system is composed of signal sequence
gene trapping and culturing of LTC-RCS chondrocytes.
The former was basically developed by Skarnes et al. (2),
and the latter was established by King and Kimura (3).
The signal sequence gene trapping is based on the single
insertion of a reporter gene into an active transcription
site. The expression of a reporter gene in this case is
totally dependent on the proper use of the splice acceptor
sequence and the reading frame of the coding sequence
inserted in it. Therefore, we used a common splice accep-
tor sequence and have constructed with it three separate
retrovirus-based vectors, i.e. rvSStrap with different
reading frames. In this study, we used just one of these
rvSStrap constructs. As a result, we could not capture
some cartilage-specific genes such as the type II collagen
and aggrecan genes, whose reading frames do not fit the
construct. However, the other two constructs will make it

S. Shirasawa et al.

possible for us to capture genes having different reading
frames.

Sequence analysis of 5° RACE products showed the
proper use of the splice acceptor and an in-frame fusion
with the reporter gene. Furthermore, all the insertions
listed in Table 1 acquired a signal sequence from the
endogenous genes encoding (i) extracellular matrix mole-
cules: type IX collagen, type XI collagen, and a trans-
forming growth factor-beta—responsive gene product
(TGFBI); (ii) transmembrane proteins: a synaptic adhe-
sion molecule (Sdk2), and a cell surface receptor (Notch
1); and (iii) subcellular components: a FK506-binding
protein (FKBP9), glucose-regulated protein 58 (GRP58),
and a subunit of vacuolar type proton-ATPase (ATP6K).
The remaining two genes, hypothetical and novel, were
subjected to a prediction program for signal peptides, Sig-
nalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/), and
were confirmed to have signal peptide sequences by this
program.

Several reports have suggested that most of the
genome is accessible to retroviral integration even
though virus integrations occur preferentially close to
hypersensitive sites (20). In LTC-RCS chondrocytes, at
least type IX collagen, FKBP9 and type XI collagen loci
appear to be hypersensitive sites, and integrations at
these sites account for over 60% of the total identified
clones. Therefore, even if the remainder represents ran-
dom integration, our gene trap screening is not necessar-
ily efficient for accessing most of the genome. To over-
come this problem, we tested electroporation for the
transfection of a vector, pSA-TMpgyg, into LTC-RCS
chondrocytes as an alternative approach. However, we
found that, under the conditions for electroporation that
we tested, it was very difficult to prevent multiple inser-
tions or concatemeric insertions of the vector DNA, even
if inert carrier DNA was added. Too much carrier DNA
resulted in lowering of the gene trap efficiency. As a
result, we concluded that gene transfer through electro-
poration was not practical for our system. Future work
will be required to develop new vectors and a delivery
system that will increase the chance of unique gene
trapping.

In this study, we used a cell line (LTC-RCS) derived
from a Swarm rat chondrosarcoma instead of normal
chondrocytes. LTC-RCS chondrocytes express various
molecules common to cartilage tissue and their chondro-
genic phenotype is very stable in monolayer culture in
spite of the fact that normal chondrocytes easily dediffer-
entiate into fibroblastic cells (21). These features of LTC-
RCS chondrocytes are very useful for isolating hygromy-
cin-resistant clones in the course of gene trap experi-
ments. Furthermore, we could modify the differentiated
phenotype of LTC-RCS chondrocytes by treatment with
gadolinium chloride. Gadolinium chloride induced a
switch in gene expression from type II collagen to type I
collagen in LTC-RCS chondrocytes associated with dra-
matic morphological changes. This was further supported
by the observation that gadolinium chloride treatment
suppressed the expression of B-galactosidase in cloned
cell lines having insertions in cartilage-specific genes
such as COL9al and COL11a2, but not in other genes
such as FKBP9, Notch 1, and so on (data not shown).
Consequently, we can easily determine whether the
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expression of trapped genes is responsible for the differ-
entiation state of LTC-RCS chondrocytes. In other words,
we will be able to enrich cartilage characteristic genes by
excluding clones non-responsive to gadolinium chloride.
Although we have confirmed that a low concentration of
gadolinium chloride is not cytotoxic and its effect is
reversible, the action of gadolinium chloride on LTC-RCS
chondrocytes is totally unknown. Therefore, further work
will be required to clarify its mechanism of action.

To identify trapped genes in the flanking region, the 5’
RACE method was used. The obtained cDNA sequences
were useful for characterizing the endogenous genes. A
search of the GenBank database showed that about 10%
of the trapped genes found in this experiment did not
match any known sequences. Such genes including hypo-
thetical ones would represent newly discovered genes.
Therefore, we are carefully analyzing their full sequences
and their expression patterns in cartilage.

Although the expression of all trapped genes was not
necessarily detected in cartilage on Northern analyses,
we believe that our gene trap approach will be a powerful
means of identifying and cataloging signal sequence—pos-
sessing molecules expressed in chondrocytes. In particu-
lar, the combination of signal sequence trapping with
gadolinium chloride treatment would give us chance to
identify cartilage specific molecules. Furthermore, in a
more general way, by applying our trapping method to
cells that can take on two different states, we will be able
to identify the specific molecules expressed in the two dif-
ferent states. Future work will also involve the use of the
gene trap approach to identify genes that are responsive
to drugs, hormones, virus infection, and so on.

This work was supported in part by Grants-in-Aid for Scien-
tific Research (13470305 and 14657360) from the Ministry of
Education, Science, Sports and Culture of Japan.
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