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Human synovial sarcoma has been shown to exclusively harbor
the chromosomal translocation t(X;18) that produces the chi-
meric gene SYT-SSX. However, the role of SYT-SSX in cellular
transformation remains unclear. In this study, we have estab-
lished 3Y1 rat fibroblast cell lines that constitutively express
SYT, SSX1, and SYT-SSX1 and found that SYT-SSX1 promoted
growth rate in culture, anchorage-independent growth in soft
agar, and tumor formation in nude mice. Deletion of the N-
terminal 181 amino acids of SYT-SSX1 caused loss of its trans-
forming activity. Furthermore, association of SYT-SSX1 with the
chromatin remodeling factor hBRMyhSNF2a, which regulates
transcription, was demonstrated in both SYT-SSX1-expressing
3Y1 cells and in the human synovial sarcoma cell line HS-SY-II.
The binding region between the two molecules was shown to
reside within the N-terminal 181 amino acids stretch (aa 1–181)
of SYT-SSX1 and 50 amino acids (aa 156 –205) of hBRMyhSNF2a
and we found that the overexpression of this binding re-
gion of hBRMyhSNF2a significantly suppressed the anchorage-
independent growth of SYT-SSX1-expressing 3Y1 cells. To ana-
lyze the transcriptional regulation by SYT-SSX1, we established
conditional expression system of SYT-SSX1 and examined the
gene expression profiles. The down-regulation of potential
tumor suppressor DCC was observed among 1,176 genes ana-
lyzed by microarray analysis, and semi-quantitative reverse
transcription–PCR confirmed this finding. These data clearly
demonstrate transforming activity of human oncogene SYT-
SSX1 and also involvement of chromatin remodeling factor
hBRMyhSNF2a in human cancer.

Human synovial sarcoma is an aggressive soft tissue tumor
that most commonly arises in the lower part of legs of young

adults and for which there is currently no effective therapy (1).
The chromosomal translocation t(X;18)(p11.2;q11.2) has been
reported to be present at high frequency in synovial sarcomas
(2–6). Isolation of genomic DNA in the vicinity of the break
points has revealed that t(X;18) leads to fusion of the genes SYT
localized at 18q11.2, and SSX localized at Xp11.2, respectively,
thus resulting in expression of the chimeric protein SYT-SSX (7,
8). Because expression of SYT-SSX has been observed in almost
all cases of synovial sarcoma, this is considered to play a central
role in tumorigenesis (9). However, there is no direct evidence
yet for defining SYT-SSX as an oncogene.

At the time of identification of SYT-SSX, the cDNA se-
quences of both SYT and SSX were reported (7, 8). The
wild-type SYT protein is composed of 387 amino acids and
possesses a QPGY domain that contains a characteristic 100-aa
stretch that is rich in glutamine, proline, glycine, and tyrosine
residues, as well as several putative SH2 and SH3 binding motifs
(10). The SSX protein contains 188 amino acids, and its N-

terminal region exhibits homology to the Kruppel-associated box
(KRAB), which is found as a transcriptional repressor domain
in Kruppel-type zinc finger protein (11). Except for the KRAB
domain, no significant homologies to known functional se-
quences including DNA binding motifs were found in the SSX
protein. SYT was found to be expressed ubiquitously, and the
mRNA of SSX has been detected only in testis and thyroid gland.

Although the role of SYT-SSX in cellular transformation is
still unknown, recent immunofluorescent microscopy studies
revealed that SYT-SSX is colocalized with a polycomb group
complex, which can be involved in homeotic gene silencing (12)
and also with hBRMyhSNF2a, a component of the SWIySNF
complex, which regulates chromatin remodeling (13).

In this study, we have addressed whether SYT-SSX chimeric
protein has transforming potential. We demonstrate that
SYT-SSX1-expressing 3Y1 cells exhibit enhanced growth rate,
anchorage-independent growth in soft agar, and tumor-
forming potential in nude mice. We also demonstrate associ-
ation of SYT-SSX1 with the chromatin remodeling factor
hBRMyhSNF2a, which is shown to be required for SYT-SSX1-
dependent transforming activity. In SYT-SSX1-inducible 3Y1
cells, analysis of gene expression profiles showed suppression
of expression levels of the potential tumor suppressor gene
deleted in colorectal cancer (DCC), which was confirmed by
further semiquantitative reverse transcription (RT)–PCR
analysis. Our data clearly demonstrate the transforming ac-
tivity of SYT-SSX1 and also suggest the implication of hBRMy
hSNF2a in SYT-SSX1-induced transformation, presumably
through regulation of DCC levels.

Materials and Methods
Plasmids, Cells, and Antibodies. cDNAs of the human chimeric
gene SYT-SSX1 and wild-type SSX1 were amplified from sur-
gically resected synovial sarcoma and testis, respectively, by
RT-PCR. SYT was amplified from SYT-SSX1 by adding eight
amino acids at its C terminus by PCR. Primers used for the
amplification of SYT-SSX1, SSX1, and SYT are pairs of SYT-F
and SSX-R, SSX-F and SSX-R, and SYT-F and SYT-R, respec-
tively, and sequences of primers are as follows. SYT-F: CCG
CTC GAG ATG TCT GTG GCT TTC GC; SSX-R: GCG CGG
CCG CTG GGC ATG TGT CGT ATC C; SSX-F: CCC TCG

Abbreviations: RT-PCR, reverse transcription–PCR; aa, amino acid; RP, ribosomal protein;
DCC, deleted in colorectal cancer.
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AGG GTG CCA TGA ACG GAG; SYT-R: GCG GCC GCT
CAC TGC TGG TAA TTT CCA TAC TGT CCC TGG TCA
TAT CCA TAA GG. Amplified fragments were subcloned into
XbaI and NotI sites of the expression vector pCXN2 with
N-terminal Flag tag sequences (DYKDDDDK), designated as
pCXN2-SYT-SSX1, pCXN2-SSX1, and pCXN2-SYT. hBRMy
hSNF2a cDNA was previously isolated by Kato and colleagues
(14) and subcloned into pcDNA3-HA vector. The mutants
of hBRMyhSNF2a, namely hBRM1–333, hBRM1–107,
hBRM108–155, hBRM156–205, hBRM206–333, hBRM319–
634, and hBRM635–872, were subcloned into pcDNA3-HA-
GFP vector. The human synovial sarcoma cell line HS-SY-II was
established by Sonobe and colleagues (15). The anti-SSX poly-
clonal antibody was generated in our laboratory by using SSX
peptides (aa 77–223) fused with GST as immunization antigen.
The anti-hBRMySNF2a antibody (Santa Cruz Biotechnology)
and the anti-Flag tag antibodies M2 and M5 (Sigma) were
purchased.

Establishment of Stable Cell Lines. 3Y1 rat fibroblasts were cultured
in 10-cm dishes with DMEM supplemented with 10% FBS
(Sigma). At 70% confluence, cells were transfected with 1 mg
DNA of pCXN2, pCXN2-SYT-SSX1, pCXN2-SSX1, or pCXN2-
SYT, respectively, using Effectene transfection reagent (Qia-
gen). Forty-eight hours after transfection, cells were seeded in
fresh medium supplemented with 0.5 mgyml G418 sulfate (Cal-
biochem), and drug-resistant colonies were isolated.

Cell Lysis for Immunoprecipitation and Immunoblotting. Cells were
lysed in radioimmunoprecipitation assay (RIPA) buffer (10 mM
Tris, pH 7.4y5 mM EDTAy150 mM NaCly10% glyceroly1%
Triton X-100y1% sodium deoxycholatey0.1% SDSy1 mM
PMSFy1 mM sodium orthovanadate) and clarified by microcen-
trifugation at 3 12,000 g for 10 min at 4°C. Supernatants were
assayed in immunoprecipitation and immunoblotting using stan-
dard methods (16). Nuclear extraction procedures were based on
a method described by Dignam et al. (17).

Cell Growth Analysis and Colony Formation Assay in Soft Agar. The
methods of cell growth analysis and colony formation assay were
described (18). Briefly, to assess the growth rates of 3Y1 cell
lines, 1 3 105 cells were plated in 6-cm dishes. For the colony
formation assay, 5 3 105 cells were plated in 0.4% soft agar and
incubated for 3 weeks.

Tumor Formation Assay in Nude Mice. Some 1 3 107 cells in PBS
were injected s.c. into BALByc nude mice. Three weeks after cell
inoculation, the diameters of newly formed tumors were deter-
mined, mice were killed after appropriate anesthesia, and tumor
tissues were subjected to immunostaining and immunoblotting.

Analysis of cDNA Expression Profile. Conditional expression of
SYT-SSX1 in the 3Y1 cell line was established by the tet-off
system (CLONTECH). mRNA was extracted from 3Y1 cells
treated or not with 50 ngyml doxycycline and subjected to Atlas
cDNA expression array (CLONTECH), and data were analyzed
by a general standardization program.

Semiquantitative RT-PCR Analysis. The amount of mRNA was
quantified by the methods described by Jensen, et al. (19).
RT-PCR was performed at different cycle numbers, intensities
of amplified fragments were plotted on a graph, and the amount
of each mRNA was compared within linear range. The primers
used for RT-PCR are as follows. For rat WT1, forward primer
18-F: GAC CTG AAC GCG CTG CTG, and reverse primer
258-R: CTG CTC CTC GTG CGG CTC; for rat DCC, forward
primer 181-F: TGC TCT GCA GAG TCT GAC, and reverse
primer 414-R: TCC TGC TAC CAT AAC TTT TGC; and for

rat ribosomal protein L32 (RPL32), forward primer RPL237-F:
TCT GGT CCA CAA CGT CAA GG, and reverse primer
RPL380-R: GGA TTG GTG ACT CTG ATG GC.

Results
Assessment of Transforming Activity of 3Y1 Cell Lines Constitutively
Expressing SYT, SSX1, and SYT-SSX1. To examine transforming
activity of the human synovial sarcoma-associated chimeric gene
product SYT-SSX1, we have established a series of 3Y1 rat
fibroblast cell lines, which stably express SSX1, SYT-SSX1, and
SYT (Fig. 1A). The expression levels of SSX1, SYT-SSX1, and
SYT of three representative clones were analyzed by immuno-
blotting, sized at 30, 67, and 57 kDa, respectively (Fig. 1B). First,
we have determined the growth rates of three independent
clones of established 3Y1 cell lines and found that SYT-SSX1-
expressing 3Y1 cells grew significantly faster than control cells in
the presence of either 10% or 2% serum condition (Fig. 1C).

Fig. 1. Transforming activity of SYT-SSX1-expressing 3Y1 cells. (A) Schematic
structure of the SYT, SSX1, and SYT-SSX1 proteins. The break point of chromo-
somal translocationforchimericgeneproduction is indicatedbyabroken line. (B)
Stable expression of SSX1, SYT-SSX1, and SYT in 3Y1 cells. (Left) Expression levels
of SSX1 (lane 1, clone F1–7; lane 2, F1–10; lane 3, F1–23) and of SYT-SSX1 (lane 4,
Y1–8; lane 5, Y1–17; lane 6, Y1–24) and vector alone (lanes 7–9) analyzed by
anti-SSX antibody. (Right) SYT expression (lane 1, clone SYT-1; lane 2, SYT-2; lane
3,SYT-4; lane4,vector)byanti-FlagAb. (C)GrowthratesofeachSSX1-, SYT-SSX1-,
and SYT-expressing cell lines in culture with 10% (Left) and 2% (Right) serum. The
averages of cell numbers of three independent clones were plotted and standard
deviations are indicated as vertical bars. (D) Analysis of anchorage-independent
growthofSYT-SSX1-expressingcells.Theaveragesofcolonynumbers sized larger
than 0.2 mm of three independent clones of each SSX1-, SYT-SSX1-, and SYT-
expressing cells were plotted as open bar graphs with standard deviations indi-
cated as vertical bars. SSX1, SYT-SSX1, and SYT-expression vectors were trans-
fected to 3Y1 cells and after selected by G418, resistant clones were plated as
polyclonal state, and the number of the formed colonies were measured. Pho-
tographs of representative colonies are shown on the right. (E) Tumor growth in
nude mice. SYT-SSX1-expressing 3Y1 cells formed tumor masses at the back and
in the peritoneal cavity of nude mice (Upper Left). Expression levels of SYT-SSX1
in formed tumors were confirmed by immunostaining (Upper Right) and immu-
noblotting (Lower Right). Microscopic appearance of tumors is shown by hema-
toxylin-eosin staining (Lower Left).
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Expression of wild-type SSX1 slightly enhanced the growth rates
of 3Y1 cells only in 10% serum condition (Fig. 1C).

To examine whether SYT-SSX1-expressing 3Y1 cells have an
increased anchorage-independent growth activity, we have car-
ried out colony formation assays in soft agar and arbitrarily
classified colonies by size ranging from small to large. We have
examined all established 3Y1 clones expressing SYT-SSX1,
SSX1, and SYT and found that only SYT-SSX1-expressing 3Y1
cells formed both small and large colonies (Fig. 1D). Contrarily,
wild-type SSX1-expressing 3Y1 cells were observed to form only
few small colonies (Fig. 1D). Furthermore, to avoid the marker-
selected clonal bias of the established cells, we performed a
colony formation assay by using G418-selected polyclonal pop-
ulations of 3Y1 cells that were transfected by the expression
plasmid for SYT, SSX1, and SYT-SSX1 and similar results were
observed (Fig. 1D).

To confirm the tumor forming potential of SYT-SSX1-
expressing 3Y1 cells in vivo, we have s.c. injected established 3Y1
clones expressing either SYT-SSX1, SSX1, or SYT on the backs
of nude mice. Three weeks after injection, SYT-SSX1-expressing
cells formed tumor masses larger than 2 cm in diameter, whereas
no significant tumor masses were observed in mice that were
injected with SSX1- or SYT-expressing cells (Table 1 and Fig.
1E). Furthermore, i.p. injection of 3Y1 clones showed that
SYT-SSX1, but not SSX1 induced diffusely disseminated tumor
masses within the peritoneal cavity, which also invaded the
gastrointestinal tract (Fig. 1E). The presence of forced expressed
SYT-SSX1 protein in newly formed tumors was demonstrated
both by immunostaining and immunoblotting (Fig. 1E). The
SYT-SSX1-induced tumors depicted typical morphological fea-
tures of human synovial sarcomas such as hemangiopericyto-
matous pattern (Fig. 1E).

Mutational Analysis of SYT-SSX1 for Anchorage-Independent Growth
Potential in Soft Agar. To examine the responsible region(s) of
SYT-SSX1 for its transforming activity, we have generated three

deletion mutants of SYT-SSX1 that either lacked 181 amino acids
at the N-terminal region (dN), 198 amino acids within the QPGY
domain (dQPGY), or 34 amino acids at the C-terminal region (dC),
respectively (Fig. 2). Each mutant of SYT-SSX1 was transfected
into 3Y1 cells, the drug-resistant colonies were collected in poly-
clonal stage, and the cells were plated into soft agar. After 3 weeks,
the numbers of formed colonies were counted. As shown in Table
2, SYT-SSX1-dN-expressing 3Y1 cells did not form colonies of
significant size, and SYT-SSX1-dQPGY attenuated further its
potential for anchorage-independent growth. On the contrary,
SYT-SSX1-dC still preserved colony-forming activity.

Association of SYT-SSX1 with the Chromatin Remodeling Factor
hBRMySNF2a in SYT-SSX1-Expressing 3Y1 Cells and in the Human
Synovial Sarcoma Cell Line HS-SY-II. Consistent with our immuno-
cytochemical observations that SYT-SSX1 localized in the nu-
cleus of 3Y1 cells (data not shown), Thaete, et al. (13) recently
reported the colocalization of SYT-SSX1 with the chromatin
remodeling factor hBRMyhSNF2a. To examine whether SYT-
SSX1 binds to hBRMyhSNF2a in 3Y1 cells, we prepared the
nuclear extracts of SYT-SSX1 expressing 3Y1 cells and per-
formed immunoprecipitation by anti-SSX antibody. Approxi-
mately 10% fraction of hBRMyhSNF2a could be precipitated
with SYT-SSX1 (Fig. 3, lane 1). Furthermore, we also demon-
strated that the authentically expressed SYT-SSX1 bound to
hBRMyhSNF2a in the HS-SY-II human synovial sarcoma cell
line (Fig. 3, lane 3).

By using transient protein expression system in 293T human
embryonal kidney cells, in which association of SYT-SSX1 and
hBRMyhSNF2a can be observed (Fig. 4A, lane 1), we have

Fig. 2. Schematic structure of deletion mutants of SYT-SSX1. Open frames
represent the SYT-derived region and shaded frames the SSX-derived region.
Numbers indicate the amino acid position of each particular molecule.

Table 1. Tumor formation in nude mice

Clone S.C. P.C.

SYT-SSX1-Y1-7 111 111

SYT-SSX1-Y1-8 111 ND
SYT-SSX1-Y1-17 111 ND
SYT-SSX1-Y-24 111 ND
SSX1-F1-7 2 ND
SSX1-F1-10 2 ND
SSX1-F1-23 2 ND
SSX1-F1-12 1 2

SYT-1 2 ND
SYT-2 2 ND
SYT-4 2 ND
3Y1-3 2 ND
3Y1-5 2 ND
3Y1-6 2 ND

S.C., subcutaneous; P.C., peritoneal cavity; 111, .2 cm in diameter; 1,
0.5–1 cm; 2, , 0.5 cm; ND, not determined.

Table 2. Anchorage-independent growth of 3Y1 cells expressing
SYT-SSX1 mutants

SYT-SSX1

Size of colonies, mm

Small
(0.1–0.2)

Medium
(0.2–0.5)

Large
(.0.5)

WT 131 62 8
dN 1 0 0
dQPGY 18 10 0
dC 62 42 0
Vector 0 0 0

Representative result of three independent experiments. WT, wild-type.

Fig. 3. Association of SYT-SSX1 with hBRMyhSNF2a in SYT-SSX1-expressing
3Y1 cells (clone Y1–17) and in the HS-SY-II human synovial sarcoma cell line.
Immunoprecipitation of hBRMyhSNF2a by anti-SSX antibody using nuclear
extracts from clone Y1–17 (lanes 1 and 2), HS-SY-II (lanes 3 and 4), and 3Y1
(lanes 5 and 6). Immunoprecipitants were probed with anti-hBRM antibody
(Upper) or anti-SSX antibody (Lower). NRS stands for normal rabbit serum as
a control. Nuclear extracts containing 200 mg of proteins were applied for
immunoprecipitation. Lanes 7–9: 20 mg of nuclear extracts per lane of indi-
cated cells were applied for immunoblotting.
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analyzed the region of SYT-SSX1 that is responsible for asso-
ciation with hBRMyhSNF2a, and demonstrated that SYT-
SSX1-dN lost its binding ability (Fig. 4 A and B, lanes 2). For
further confirmation, we expressed N terminus 181 amino acids
of SYT-SSX1 (designated as SYT-N181) with HA-tag (Fig. 4C,
lane 3) and showed that anti-hBRM antibody could precipitate
SYT-N181 (Fig. 4C, lane 1).

In vitro studies (13) have suggested that the N terminus of
hBRMyhSNF2a binds to SYT-SSX1. For analysis of the binding
region of hBRMyhSNF2a to SYT-SSX1, we have therefore
generated six mutants of hBRMySNF2a encompassing 1 to 872
amino acids as shown in Fig. 4D. By using 293T cells, we have
coexpressed SYT-SSX1 with each of the six mutants of hBRMy
hSNF2a, and demonstrated that hBRM156–205 composed of 50
amino acids coprecipitated with SYT-SSX1 after incubation
with anti-SYT-SSX1 antibody (Fig. 4E).

Overexpression of SYT-SSX1-Binding Region of hBRMyhSNF2a Sup-
pressed Anchorage-Independent Growth of SYT-SSX1-Expressing 3Y1
Cells. To examine whether hBRMyhSNF2a has an essential role for
SYT-SSX1 induction of transforming activity, we transfected
hBRM156–205 into SYT-SSX1-expressing 3Y1 cells, selected by
drug resistance colonies, and performed colony formation assay in
soft agar at polyclonal state. As shown in Fig. 5, hBRM156–205
significantly suppressed colony forming activity. For verification, we
also expressed hBRM1–333, which was shown to bind to SYT-SSX1
(data not shown) in SYT-SSX1-expressing 3Y1 cells, and found that
the hBRM1–333 also reduced the number of formed colonies (Fig.
5B). We also tried to demonstrate suppression effect of hBRM156–
205 or hBRM1–333 on anchorage-independent growth of HS-SY-
II. However, we failed to examine because HS-SY-II did not form
any colony in soft agar.

Analysis of Gene Expression Profiles of 3Y1 Cells Containing the
Conditional Expression System for SYT-SSX1. Because we showed
that hBRMyhSNF2a was required for SYT-SSX1-induced trans-
forming activity, it was hypothesized that SYT-SSX1 might
induce transformation by transcriptional regulation. We have
therefore established the SYT-SSX1-inducible expression sys-
tem in 3Y1 cells by using the tetracycline-off system to analyze
the expression profiles of mRNAs. The induced levels of SYT-
SSX1 were confirmed by immunoblotting (Fig. 6A). The mRNAs
were extracted from 3Y1 cells with or without SYT-SSX1
induction and the expression levels of 1,176 of independent
cDNAs were compared by 1.2 Atlas rat cDNA expression array
(CLONTECH) (Fig. 6B). As listed in Table 3, analysis of
expression profiles shows the candidates of SYT-SSX1 targets
exhibiting decrease of expression of at least 4-fold. Among these,
we found the tumor suppressor gene products WT1 (20, 21) and
DCC (22) as possible targets for SYT-SSX1-induced transfor-
mation. However, among up-regulated genes, we did not identify
proto-oncogenes or possible activators of cell cycle or tumor
growth (data not shown).

To confirm the results of gene expression profile analysis, we
have isolated mRNA from 3Y1 cells with or without SYT-SSX1
induction and quantified the expression levels of WT1 and DCC
mRNAs by semiquantitative RT-PCR. We demonstrate that the
mRNA of one of the house keeping genes, namely RPL32 (23),
was present independently of SYT-SSX1 in a cycle-dependent
manner (Fig. 6C). However, the DCC mRNA was detected in a
cycle-dependent manner only in absence of SYT-SSX1 and, after
induction of SYT-SSX1, expression of the DCC mRNA was
hardly detectable (Fig. 6D). Expression levels of the WT1

Fig. 4. Analysis of the binding regions of SYT-SSX1 and hBRMyhSNF2a in
293T cells. (A) SYT-SSX1 and its three deletion mutants (Fig. 2) expressed in
293T cells were immunoprecipitated with anti-hBRMyhSNF2a antibody and
probed with anti-SSX antibody (Upper, lanes 1–4). Expression levels of SYT-
SSX1 and its mutants were examined by immunoblotting (Upper, lanes 5–8).
Immunoprecipitants and total cell lysates were also probed with anti-hBRM
antibody (Lower). Lysates with 200 mg of proteins were used for immunopre-
cipitation and 20 mg of total cell lysates were applied for immunoblotting. (B)
293T cell lysates expressing SYT-SSX1 and its mutants were immunoprecipi-
tated with anti-SSX antibody and probed with anti-hBRM antibody (Upper,
lanes 1–4) or with anti-SSX antibody (Lower, lanes 1–4). Protein expression
levels of endogenous hBRMyhSNF2a (Upper, lanes 5–8) and SYT-SSX1 and its
mutants (Lower, lanes 5–8) are displayed. (C) Association of hBRMyhSNF2a

with N terminus 181 amino acids of SYT. pcDNA3- HA-GFP-SYT-N181 was
transfected to 293T cells and total cell lysates were immunoprecipitated with
anti-BRM antibody (lane 1) or normal goat serum (NGS; lane 2) and probed
with anti-HA antibody. Expression levels of SYT-N181 are shown in lane 3.
Immunoprecipitants and total cell lysates were also probed with anti-hBRM
antibody (Lower). (D) Schematic structure of hBRMyhSNF2a and its mutants.
The closed frame represents ATPase domain and the shaded frame bromo
domain. The number of amino acids comprising six mutants are described. (E)
Analysis of the binding region of hBRMyhSNF2a to SYT-SSX1. Six mutants of
hBRM were tagged with HA-GFP, coexpressed with SYT-SSX1, and SYT-SSX1
was immunoprecipitated by anti-SSX antibody and probed with anti-HA tag
antibody to detect coprecipitated mutants of hBRMyhSNF2a (Top). Confirma-
tions of expression levels of hBRM-derived mutants and SYT-SSX1 are shown
in the Middle and Bottom. Lanes 1 to 6 correspond to the number of mutants
described above. Lane 7, HA-GFP; lane 8, empty vectors.

Fig. 5. Suppression of anchorage-independent growth of SYT-SSX1-
expressing 3Y1 cells by dominant negative form of hBRMyhSNF2a. Either
hBRM1–333 or hBRM156–205 was transfected in SYT-SSX1-expressing 3Y1
cells (clone Y1–17) together with pBabe-hygo; and after drug selection colony
formation assay was performed. The average numbers of formed colonies are
shown as bar graphs with standard deviation. The protein expression levels
confirmed by immunoprecipitation and immunoblotting by using anti-HA are
also displayed. Lane 1, hBRM1–333; lane 2, hBRM156–205; lane 3, HA-GFP as
control for hBRM1–333; lane 4, HA-GFP as control for hBRM156–205. Arrow-
heads indicate two hBRM mutants.
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mRNA were similar to controls and did not change after
SYT-SSX1 induction (data not shown).

Discussion
More than 90% of the cases of human synovial sarcoma have
been reported to have the chromosomal translocation t(X; 18).
However, to date there is no direct evidence demonstrating the
transforming activity of SYT-SSX1. In this study, we have
addressed whether SYT-SSX1 can induce transformation. Our
data demonstrate that SYT-SSX1-expressing 3Y1 cells exhibit
growth rate enhancement and colony formation in soft agar, and
induce tumors in nude mice. Therefore, we conclude that
SYT-SSX1 primarily possesses transforming activity. However,
the transforming activity of SYT-SSX1 in 3Y1 cells was weak
when compared with other representative oncogenes, such as ras
or src, taking into account that the initial plating number of
SYT-SSX1-expressing 3Y1 cells in the colony formation assay
was about 50-fold higher than that used for v-Ki-Ras- or v-Src-

expressing 3Y1 cells for obtaining comparable numbers of
colonies (S.T., unpublished observations).

In mutational analysis, we found that the N-terminal 181
amino acids of SYT-SSX1 were indispensable for the transform-
ing potential. Interestingly, despite almost all parts of SYT,
except for the C-terminal nine amino acids, being integrated into
SYT-SSX1, the wild-type SYT, which also binds to hBRMy
hSNF2a (data not shown), did not induce transformation (Fig.
1). Therefore, additional sequences derived from SSX are re-
quired for transformation. Because SYT-SSX1-dC retained
transforming potential, the 43 amino acids of SSX1 (positions
111 to 154) in SYT-SSX1-dC are thought to be involved in the
transforming activity. Currently we are investigating whether
substitution of the C-terminal nine amino acids of SYT by nine
amino acids of SSX1 (positions 112 to 120, used as SYT-SSX1)
is essential for inducing transformation of 3Y1 cells by estab-
lishing stable transformant of the nine amino acids-substituted
form of SYT.

Because deletion of the QPGY domain of SYT-SSX1 atten-
uated the colony forming potential, we hypothesized that the
QPGY domain that has tyrosine residues may transduce signals
for tumorigenesis, and therefore examined the tyrosine phos-
phorylation status of SYT-SSX1 in established 3Y1 cell lines.
However, no significant tyrosine-phosphorylated band was de-
tected (data not shown). Thus, the mechanism of attenuation of
transforming potential of SYT-SSX1-dQPGY remains to be
further analyzed.

Because SYT-SSX1 localizes in the nucleus and lacks typical
consensus sequences for transcriptional factors, it was supposed
that this chimeric protein may act as a transcriptional regulator.
Recently, Thaete, et al. (13) published data on SYT-SSX1
colocalized with hBRMyhSNF2a, which is a component of
ATP-dependent chromatin remodeling factor (13). These find-
ings prompted us to examine whether SYT-SSX is associated
with hBRMySNF2a in vivo. Our findings demonstrate that
SYT-SSX1 binds to hBRMyhSNF2a in SYT-SSX1-expressing
3Y1 cells and also in the HS-SY-II human synovial sarcoma cell
line.

The ATP-dependent chromatin remodeling factors were orig-
inally described as SWIySNF complex, which is composed of
several subunits and positively regulates the yeast HO promoter
(24). Human homologues of these subunits, which have ATPase
domains, have been identified as hBRMyhSNF2a and hBRGy
hSNF2b (24) and shown to be involved in various cellular
responses (25, 26). To date, a possible implication of chromatin
remodeling factors in human cancers has been suggested by the
reports describing the truncational mutation of INI1yhSNF5
gene in some cases of human malignant rhabdoid tumor (27),
decrease of expression levels of hBRMyhSNF2a in ras-
transformed cells (28), and association of hBRMyhSNF2a with
Rb protein repressing cell cycle (29). In this study, we demon-
strated the suppression of colony forming activity of SYT-SSX1
by the expression of SYT-SSX1-binding region of hBRMy
hSNF2a, and these data suggested the involvement of hBRMy
hSNF2a for SYT-SSX1-induced cellular transformation.

Because transcriptional regulation by SYT-SSX1 through
hBRMySNF2a is thought to be essential for tumorigenesis, we
analyzed gene expression profiles in the conditional induction
system of SYT-SSX1 in 3Y1 cells and found the reduction of
expression levels of two putative tumor suppressor genes, WT1
and DCC. Semiquantitative RT-PCR analysis confirmed SYT-
SSX1-mediated reduction of the DCC mRNA, which might
therefore be a possible target for SYT-SSX1-induced tumori-
genesis. As a decrease of DCC levels has not yet been reported
by similar studies for other oncogenes or signal transducers such
as Ras (30) or MAP kinase (31), the mechanism and specificity
of DCC involved in SYT-SSX1-induced transformation have to
be analyzed in further studies. In fact, whether DCC is a real

Fig. 6. Analysis of gene expression profiles regulated by SYT-SSX1. (A)
Establishment of the conditionally inducible system of SYT-SSX1 in 3Y1 cells by
the tetracycline-off system. Expression levels of SYT-SSX1 were examined by
immunoblotting of total cell lysates of 3Y1 cells after withdrawal of 50 ngyml
of doxycycline. Duration of induction is indicated above the lane numbers. (B
and C) Semiquantitative RT-PCR analysis of expression levels of DCC. mRNAs
were extracted from 3Y1 cells without induction [Dox(1)] and 48 h after
induction [Dox(2)] of SYT-SSX1. After RT reaction, cDNAs of housekeeping
ribosomal gene RPL32 or DCC were amplified by PCR at the cycles indicated
below. (B) PCR products were loaded on agarose gel and stained with syber
green. (C) The intensities of the bands were measured by an image reader
(FLA2000, Fuji) and plotted as graphs. These experiments were repeated
independently three times.

Table 3. Gene expression profiles: Downregulated genes by
SYT-SSX1

Gene

Spot intensity

RatioCell-on Cell-off

G1/S-specific cyclin C 7 51 0.14
Carbonic anhydrase 4 28 200 0.14
Urate oxidase 8 48 0.17
CXC chemokine LIX 7 36 0.19
Protein kinase C eta type 2 10 0.2
Interferon gamma inducing factor precursor 4 18 0.22
Selenoprotein 16 70 0.23
WT1 17 72 0.24
Acetylcholinesterase, T subunit 61 229 0.27
Protein tyrosine phosphatase, striatum enriched 15 56 0.27
CREB active transcription factor 12 42 0.29
MRK 4 12 0.29
Neuromodulin 19 56 0.34
GST5-5 10 29 0.34
DCC 18 49 0.37
Scavenger receptor class B type I 3 8 0.38
Alkaline phosphatase 30 78 0.38
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tumor suppressor gene is controversial because the frequencies
of spontaneous tumor formation in DCC-deficient mice, such as
DCC (1y2), were not significantly changed compared with
wild-type mice DCC (1y1) (32).

In the SYT-SSX1-inducible system, suppression of WT1 was
only observed in microarray analysis, not in semiquantitative
PCR reaction. Thus, we did not conclude that suppression of
WT1 was induced by SYT-SSX1. The discrepancy between these
two methods might be due to the nonspecific signals of microar-
ray analysis. Because information of the exact oligonucleotide

sequences of each spot of microarray was not available, we could
not exclude the possibility of nonspecific signals. Therefore, we
considered that microarray analysis should be used as a screen-
ing and that a semiquantitative RT-PCR method is necessary for
verification.

In this study, we clearly demonstrate the transforming activity
of SYT-SSX1 and its association with the chromatin remodeling
factor hBRMyhSNF2a. Our results also suggest the essential
role for hBRMyhSNF2a in SYT-SSX1-induced transformation
possibly by suppression of DCC level (Fig. 7). The regulation of
expression levels of a tumor suppressor by a chimeric oncogene
for human cancer through a chromatin-remodeling factor may
provide a new insight into the molecular mechanism of cellular
transformation.
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Fig. 7. Putative mechanism of SYT-SSX-induced transformation. SYT-SSX
may disturb the function of hBRMyhSNF2a possibly bound to wild-type SYT
and lead to transforming phenotype.
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