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SYT, a partner of SYT-SSX oncoprotein in
synovial sarcomas, interacts with mSin3A,
a component of histone deacetylase complex
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Synovial sarcomas are soft-tissue tumors predominantly affecting children and young adults. They are
molecular-genetically characterized by the SYT-SSX fusion gene generated from chromosomal translocation
t(X; 18) (p11.2; q11.2). When we screened new gene products that interact with SYT or SSX proteins by yeast
two-hybrid assay, we found that mSin3A, a component of the histone deacetylase complex, interacts with SYT
but not with SSX. These results were confirmed by mammalian two-hybrid and pull-down assays. Analyses with
sequential truncated proteins revealed a main mSin3A-interaction region on the SYT amino-terminal 93 amino
acids, and another one on the region between 187th amino acid and break point. In luciferase assay, mSin3A
repressed the transcriptional activity of reporter promoter mediated by SYT and hBRM/BRG1. Our results
suggest that the histone deacetylase complex containing mSin3A may regulate the transcriptional activation
mediated by SYT.
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Synovial sarcomas typically occur in the para-
articular regions of adolescents and young adults,
and account for about 10% of all soft-tissue
sarcomas. They are considered high-grade sarcomas
because they lead to death in at least 25% of patients
within 5 years of diagnosis despite advances in
treatment." Synovial sarcomas are characterized
cytogenetically by the presence of a chromosomal
translocation t(X;18)(p11.2;q11.2).*> Using positional
cloning strategies, it was found that the SYT gene on
chromosome 18 was translocated to one of two
closely related SSX genes, SSX1 and SSX2, on
chromosome X.?

The SYT gene is ubiquitously expressed in the
early stages of embryonic development, and de-
tected in several organs, most markedly the heart,
kidney and testis, in the adult mouse.* Using
immunofluorescence analysis, it has been shown
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that the SYT protein exhibits a punctated pattern in
nucleus.® Since no colocalization of SYT with any
nuclear bodies could be found by these researchers,
it was suggested that SYT might be associated with a
new class of subnuclear domains.>® Four putative
src-homology binding domains and two annexin-
like direct repeats were exhibited in the SYT
protein.®* Recently, two domains were also defined
in SYT proteins: one is the SYT amino (N)-terminal
homology (SNH) domain, which shows homology to
the predicted proteins of EST clones derived from a
wide variety of species, and the other is the carboxy
(C)-terminal QPGY domain, which is rich in gluta-
mine, proline, glycine and tyrosine.”* The QPGY
domain was shown to activate the transcription of a
reporter gene when fused to a DNA binding
domain.®® Since the SYT protein lacks obvious
DNA binding domains, it is thought to be a
transcriptional coactivator.® It has also been reported
that SYT is associated with a chromatin remodeling
factor hBRM/hSNF2 alpha protein,® a transcrip-
tional coactivator p300 protein,® and a putative
transcriptional factor AF10.” Recent studies have
also shown that the SYT gene produces a splicing
variant that contains 31 amino acids in the QPGY



domain of conventional SYT,'®'! and that the
splicing isoform of the SYT-SSX fusion protein
accelerate the transcriptional activity and cell pro-
liferation."?

SSX proteins contain an acidic C-terminal tail and
a Kruppel-associated box (KRAB) in their N-termi-
nus.”* The KRAB-domain was first reported as a
transcriptional repressor domain in the Kruppel
gene product of Drosophila. Functional studies have
shown that the acidic C-terminus of SSX carries
another repressor domain,*® which is referred as
SSX-RD.™ SSX proteins are nuclear proteins that
exhibit a diffuse staining pattern in the nucleus.”® In
addition, the SSX proteins showed colocalization
with several members of the Polycomb group
proteins which are associated with transcriptional
repression.™*

In most SYT-SSX fusion proteins, C-terminal eight
amino acids of SYT are replaced by C-terminal 78
amino acids of SSX.*'*'® Recently, six genes have
been identified as members of the SSX gene
family,"*® and the translocation of the SYT and
S5X4 genes was detected in a case of synovial
sarcoma."®

Acetylation of histone H3 and H4 is associated
with the activation of gene expression.”®*' Some
transcriptional coactivators such as p300/CBP, have
histone acetyltransferase activity. On the other
hand, histone deacetylase (HDAC) functions in the
transcriptional corepressor complex.”” HDAC1 and
HDAC?2 are associated with mSin3A, N-CoR, SMRT
and some other components to form mSin3A/HDAC
complexes.”® The complexes act on chromatin
through transcriptional factors, corepressors and
methyl-CpG binding proteins, leading to repression
of gene transcription.**

In the present study, we performed a yeast two-
hybrid assay to identify new proteins, which
interact with SYT or SSX protein, and found that
mSin3A binds to the SYT protein, and that mSin3A
represses the transcriptional activity mediated by
SYT.

Materials and methods
Complementary DNA Synthesis

The coding regions of the human SYT, SSX1, SS§X2,
SYT-SSX1 and SYT-SSX2 cDNAs were amplified by
polymerase chain reaction (PCR) with human
cDNAs (derived from synovial sarcoma or testis)
and a suitable pair of the following primers: SYT S1-
sense 5'-CTG AAT TCA TGG GCG GCA ACA TGT C
and antisense 5-TTC ACT GCT GGT AAT TTC CAT
ACT, SSX sense 5'-GGT GCC ATG AAC GGA GAC
GA and antisense 5-GGA GTT ACT CGT CAT CTT
CCT C. The same primers were used for amplifica-
tion of the SSX71 and SSX2 cDNAs, and the two
products were confirmed by sequencing. mSin3A
cDNA encompassing codon 1 and 758 of the
mSin3A gene was amplified by PCR with primers
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5'-AGG ATC CAT GAA GGG ACG GTT GGA TGA CC
and 5'-TCT CGA GAT AGA TGC TCT CGA TCT CAT
T.** Human complementary DNA (cDNA) encom-
passing codon 194 and 657 of the SMRT gene was
amplified by PCR with primers 5-AGA ATT CAA
AGG CAT TCC CAG CAC AC and 5-ACT CGA GCT
TGC TGG ACG AAA GGC TG.*®* Human N-CoR
cDNA encompassing codon 1019 and 2061 of the N-
CoR gene was made by PCR with primers 5-TGA
ATT CCC TGA AGG CGT TCG GCT TC and 5'-ACT
CGA GGG AGT CTG CGA GGA AAC TTG.*”” Human
HDAC1 full-length ¢cDNA was amplified by PCR
with primers 5'-TGG ATC CAA GAT GGC GCA GAC
GCA GG and 5’-AGT CGA CTC AGG CCA ACT TGA
CCT CCT C. The amplified cDNAs were cloned into
pBluescript plasmid, and sequenced with a BigDye
sequencing kit and an ABI3100 sequencer (Applied
Biosystems, Foster City, CA, USA). A series of
truncated SYT cDNA was constructed by PCR with
following primers: SYT S1-sense and BP-antisense
5-AAC TCG AGC TAC TGG TCA TAT CCA TAA GG
for SYT (1-BP) cDNA, SYT S1 and antisense 5'-TTC
TCG AGT TAA CTC ATT GTC ATC TGA TTC TG for
SYT (1-186) cDNA, SYT S1-sense and antisense 5'-
TTC TCG AGT TAC CCT CCA GGA CCC ATA GG for
SYT (1-93) cDNA, SYT sense 5'-CCG AAT TCA TGG
GAG GGA TGA ATC AGA GCG GC and BP-antisense
for SYT (94-BP) cDNA, and SYT sense 5-CCG AAT
TCA TGG GGG GTC AGG GAC AAC CAATGG GAA
AC and BP-antisense for SYT (187-BP) cDNA.

Yeast Two-Hybrid Assay

The human SYT, SSX1, S§SX2, SYT-SSX1 and SYT-
SS8X2 cDNAs were inserted into the pBTM116
plasmid to produce fusion proteins with the LexA
DNA binding domain in frame. SYT-SSX2T cDNA, a
truncated type of SYT-SSX2 gene, was made by
digesting the SYT-SSX2 cDNA with Sma I on the
SSX2 and Pst I on the 3’ cloning site of pPBTM116
plasmid, to make fusion protein containing the N-
terminal region of SYT and the 111-143 amino acid
region of SSX2. Human mSin3A, N-CoR, SMRT and
HDAC1 cDNAs were inserted into the pACT2
plasmid to produce fusion proteins with the GAL4
activation domain in frame. L40 yeast cells (MATa
ade2 gal4 gal80 his3-A200 leu2-3,113 trpl-A901
ura3-52 URA3:(lexAop)s-lacZ  LYS2:(lexAop).-
HIS3) were transformed with pBTM116 plasmids
bearing the TRP1 gene and pACT2 plasmids bearing
the LEU2 gene, and selected on synthetic medium
plates without His, Trp and Leu at 30°C for 2 days.
The candidate colonies on the selective plates were
examined by filter assay for f-galactosidase accord-
ing to the Clontech protocol (Clontech Laboratory,
Palo Alto, CA, USA). In brief, colonies were
transferred onto Whatman filters, frozen in liquid
nitrogen and thawed to permeabilize the yeast cells.
The colonies on the filters were incubated by
immersion in Z buffer (60mM Na,HPO,, 40 mM
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NaH,PO,, 10mM KCl, 1mM MgSO,, pH 7.0)
including 39mM f-mercaptoethanol and 0.4 mg/
ml 5-bromo-4-chloro-3-indolyl-$-D-galactopyranoside
(X-gal) at 30°C. For liquid culture assays of f-
galactosidase, multiple colonies were scraped off
from each plate and transferred to 1ml of distilled
water. After thoroughly mixing, the absorbance of
each suspension was read at 600nm (ODgo). The
cell suspension (0.1 ml), Z buffer (0.7 ml), 0.1% SDS
(50 ul) and chloroform (50ul) were mixed and
vortexed for 30s. Assays for f-galactosidase were
initiated by the addition of 160pul of 4mg/ml o-
nitrophenyl f-D-galactopyranoside at 30°C. Reac-
tions were terminated by the addition of 0.4ml of
1M Na,COs;. Reaction mixtures were centrifuged for
1min, and the absorbance at 420nm (OD,,,) was
measured. f-Galactosidase activity in Miller units
was calculated according to the following formula:
units = 1000 x OD,,/t X v X ODgoe (where v is the
volume (ml) of culture added to Z buffer, and t is the
time in min).

Mammalian Two-Hybrid Assay

The human SYT, SSX1, SSX2, SYT-SSX1 and SYT-
SSX2 cDNAs were inserted into the pCMV-BD
plasmid to produce fusion proteins with the GAL4
DNA binding domain in frame. Human mSin3A
cDNAs were inserted into the pCMV-AD plasmid to
produce fusion proteins with the NF-kB activation
domain in frame. Human embryonic kidney 293
cells were transfected with pCMV-BD plasmid
(150ng), pCMV-AD plasmid (150ng), GAL4-lucifer-
ase reporter plasmid (pRF-luciferase, 100ng) and
Renilla luciferase internal control plasmid (pTK-
hRG, 100ng) by Effectene reagent (Qiagen, Hilden,
Germany). Dual-luciferase activity was measured
48 h after transfection as described previously.?®

Pull-Down Assay

3S-labeled proteins were generated using TnT T7
quick-coupled transcription/translation  system
(Promega, Madison, WI, USA) with mSin3A cDNA
in pBluescript. GST-fused SYT proteins were pur-
ified with glutathione—sepharose 4B beads (Amer-
sham Biosciences, Piscataway, NJ, USA) in lysis
buffer (25 mM tris-HCI (pH 8.0), 150 mM NaCl, 0.5%
NP40 and proteinase inhibitors) at 48 h after trans-
fection of HEK293T cells with mammalian GST
expression vectors containing SYT, SYT-SSX and
truncated SYT (1-BP) cDNA. The purified proteins
on the beads were incubated with ®°S-labeled
mSin3A protein at 4°C for 3h. The beads were
washed six times, and loaded onto 8% SDS-poly-
acrylamide gels. Radioactive signals on the dried
gels were detected by Bioimaging Analyzer System
(BAS2000, Fuji, Tokyo).
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Luciferase Assays

N-terminal SYT cDNA coding 1-93 amino acids was
inserted into the pCMV-BD plasmid to produce
fusion proteins with the GAL4 DNA binding domain
in frame (pCMV-BD-SYT-N). Expression plasmids,
pCI-Neo-hBRM and pcDNA3.1(+)-BRG1, were
kindly provided by Dr T Ohta (National Cancer
Institute, Japan), and pCMX-mSin3A was kindly
provided by Dr RM Evans (The Salk Institute for
Biological Studies, San Diego, CA, USA). HEK293T
cells in a 48-well titer plate were transfected with
pCMV-BD-SYT-N (40ng), pRF-luciferase (75ng),
pCI-Neo-hBRM/pcDNA3.1(+ )-BRG1 (30ng), pCMX-
mSin3A (30ng) and internal control plasmid
pTK-hRG (25ng) for dual-luciferase system. DNA
amount for transfection was compensated with
empty vectors.

Results

Screening of the Binding Proteins to SYT or SSX
Proteins

When we examined the interaction of SSX proteins
with HDAC1, mSin3A, SMRT and N-CoR proteins
using the yeast two-hybrid assay, we could not get
any positive colonies, which showed protein—pro-
tein interaction (data not shown). On the other
hand, when SYT was examined as a control,
surprisingly we found that SYT can interact with
mSin3A by f-galactosidase filter assay with a short
incubation time (Figure 1a). As it has been reported
that the SYT gene produces a splicing variant which
contains 31 amino acids in the QPGY domain of
conventional SYT,'>'" we examined the interaction
of the SYT variant with component proteins of
mSin3A/HDAGC complexes. The SYT variant also
showed positive interaction with mSin3A. HDAC1,
N-CoR and SMRT showed weak interaction with
SYT and the variant SYT with a longer incubation
time (data not shown), while control colonies
containing empty vectors did not show any interac-
tion with any of these four proteins. Liquid culture
assay for f-galactosidase also showed interaction of
SYT with mSin3A (Figure 1b).

Identification of the SYT Region Specific for
Interaction with mSin3A

We constructed a series of SYT-truncated mutants to
identify the region of SYT that interacts with
mSin3A, and measured f-galactosidase activity to
assess the interaction of the truncated SYT proteins
and mSin3A (Figure 2). Surprisingly, when C-
terminal eight amino acids were deleted, the
truncated SYT proteins showed more intensive
interaction with mSin3A. We defined the main
interaction region for mSin3A on the N-terminal
1-93 amino acids of SYT, and another one on the
region between the 187th amino acid and break
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Figure 1 Interaction of SYT or SYT-SSX with histone deacetylase
complex proteins. (a) SYT and the variant with 31 amino acids
(SYT(—31) and SYT(+ 31), respectively) showed interaction with
mSin3A in yeast two-hybrid filter assay. (b) Intensity of the
interaction is shown as f-galactosidase activity by yeast two-
hybrid liquid culture assay. (¢) SYT-SSX proteins showed less
interaction with mSin3A.
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Figure 2 Identification of SYT region required for interaction
with mSin3A. Truncated SYT proteins used for yeast two-hybrid
liquid culture assay are shown at left, and f-galactosidase activity
is shown at right. A black stripe indicates a 31 amino-acid
insertion in the SYT variant, SYT(+ 31), and the truncated SYT
variant, SYT(+ 31)(1-BP). Arrows show break point. Error bars
indicate the standard deviation obtained from three independent
assays.
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point. There might be negative regulating regions for
the interaction on C-terminal eight amino acids and
94-186 amino acids of SYT.

Interaction of SYT-SSX Fusion Proteins with mSin3A

To clarify the interaction of mSin3A and the SYT-
SSX oncoprotein, which is encoded on the fusion
gene generated by the translocated chromosome
t(18; X) found in synovial sarcomas, we constructed
plasmids carrying SYT-SSX1 and SYT-SSX2 cDNA,
and examined their interaction with mSin3A (Fig-
ures 1c and 3). SYT-SSX1 and SYT-SSX2 showed
remarkably less f-galactosidase activity in the
presence of mSin3A in yeast two-hybrid assay.
Furthermore, we performed a mammalian two-
hybrid analysis with human embryonic kidney 293
cells to confirm SYT interaction with mSin3A in
human cells. SYT and the variant SYT with 31
amino acids showed positive interaction with
mSin3A, while SYT-SSX proteins showed the lower
level of luciferase activity in the presence of
mSin3A (Figure 4). To define the inhibitory region
on SSX, we constructed the truncated SYT-SSX
plasmid in which the SSX C-terminal region (144—
188 amino acids) was lost, and examined the
interaction with mSin3A in yeast two-hybrid system
(Figure 3). The f-galactosidase activity was restored
by using the truncated SYT-SSX. The low activity of
p-galactosidase and luciferase in the presence of
SYT-SSX and mSin3A was thought to be due to the
repression activity of SSX-RD region (155-188
amino acids) on SSX C-terminus. Therefore, we
examined the direct binding of mSin3A with SYT
and SYT-SSX by pull-down assay (Figure 5). When
GST-fused SYT-SSX protein was pulled down in the
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Figure 3 Interaction of SYT-SSX proteins with mSin3A. Intensity
of the interaction is shown as f-galactosidase activity by yeast
two-hybrid liquid culture assay. SYT-SSX1 and SYT-SSX2
proteins show less interaction with mSin3A. When the C-terminal
region (144-188 amino acids) was removed, the f-galactosidase
activity was restored using SYT-SSX2T. SYT(+ 31)-SSX 1 and 2
were composed of the N-terminal 1-410 amino-acid region of
SYT(+31) and the C-terminal 111-188 amino-acid region of
SSX1 and 2, respectively. SYT-SSX2T was composed of the N-
terminal region of SYT and the C-terminal 111-143 amino acid
region of SSX2. SSX-DR is located on 155—-188 amino acids region
of SSX. Error bars indicate the standard deviation obtained from
three independent assays.
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Figure 4 Mammalian two-hybrid assay for interaction of SYT,
SSX and SYT-SSX proteins with mSin3A. Schematic diagrams of
the expression constructs are shown at left, and luciferase activity
is shown at right. Arrows show break point. Error bars indicate
the standard deviation obtained from four independent assays.
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Figure 5 Pull-down assay for SYT and mSin3A. GST-SYT, GST-
SYT-SSX1 and GST-truncated SYT (1-BP) were purified from
transiently transfected HEK293T cells with glutathione—sephar-
ose beads and incubated with *°S-methionine-labeled in vitro
translated mSin3A. Specific binding of mSin3A to GST-SYT, GST-
SYT-SSX1 and GST-SYT(1-BP) were detected (lanes 4-6, respec-
tively). Translated lysate without mRNA and GST empty vector
were used as negative controls (lanes 1 and 3, respectively). Input,
sample representing total input (0.6%) for each experiment.

presence of in vitro-translated mSin3A, mSin3A
showed the binding with SYT-SSX as well as SYT
and the truncated SYT.

Effect of mSin3A on Transcriptional Activity
Mediated by SYT

To examine the function of mSin3A, SYT N-terminal
region was fused to GAL4 DNA binding domain, and
the effect of mSin3A on SYT was analyzed using
luciferase assay with hBRM and BRGI1 genes. The
hBRM and BRG1 are chromatin remodeling factors
that regulate the transcriptional activity, and SYT is
known to interact with them.*** The GAL4-SYT
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Figure 6 Effect of mSin3A on the transcriptional activity
mediated by SYT and hBRM/BRG1. The indicated expression
vectors (hBRM, BRG1 and mSin3A) were transfected into
HEK293T cells with GAL4-luciferase reporter plasmid (pRF-Luc)
and GAL4-fused SYT N-terminal (1-93) plasmid, pCMV-BD-SYT-
N. Transfection efficiency was normalized using dual-luciferase
system. Error bars indicate the standard deviation obtained from
three independent assays. GAL4-SYT-N, pCMV-BD-SYT-N.

products showed an increased transcriptional activ-
ity of the reporter gene in the presence of hBRM/
BRG1, and mSin3A repressed the transcriptional
activity of reporter promoter mediated by SYT and
hBRM/BRG1 (Figure 6).

Discussion

As SSX proteins are thought to be transcriptional
corepressors, we hypothesized that SSX proteins
might interact with mSin3A/HDAC complexes,
which are associated with transcriptional repres-
sion. We performed a two-hybrid assay to determine
whether this was indeed the case. Surprisingly, our
results showed interaction of mSin3A with SYT, but
not with SSX. We found that the interaction of SYT
with mSin3A requires mainly the N-terminal 1-93
amino acid region of SYT, and secondarily the
region between the 187th amino acid and break
point. Interestingly, deletion of C-terminal eight
amino acids from SYT resulted in more intensive
interaction of SYT with mSin3A. Although the two-
hybrid assay with SYT-SSX and mSin3A showed
less transcriptional activity, positive interaction of
them was shown by pull-down assay. The decrease
of transcriptional activity in the two-hybrid assay is
likely due to repression activity of SSX C-terminal
region (SSX-RD) directly or indirectly through the
SSX-binding proteins like the Polycomb group
proteins.’ Recently, it was reported that SSX C-
terminal region of SYT-SSX protein repressed the
activity of reporter promoter which was produced



by binding of SYT N-terminal region and BRM/
hBRG1.?° This is a similar case to our results.

On the promoter/enhancer regions of the target
genes, SYT proteins may bind transcriptional factors
like AF10. As it has been reported that p300 protein
binds with the region between 1 and 250 amino
acids of SYT,® and that BRM binds with a major
binding site between 60 and 158 amino acids of
SYT,® SYT may bind competitively with these
proteins for transcriptional activation and with
mSin3A for transcriptional repression. The complex
containing mSin3A may function as a negative
regulator for the transcriptional activation mediated
by SYT in the normal cells. As oligomerization of
QPGY domain on SYT was showed recently,*® SYT-
SSX may act dominantly in the presence of normal
SYT through the heterodimer of SYT and SYT-SSX
proteins in synovial sarcoma cells. The repression
activity of SSX C-terminal region on SYT-SSX may
affect dominantly on the transcriptional regulation
of SYT by p300, hBRM, BRG1 and mSin3A.

It has been reported that some fusion proteins
originating from chromosomal translocation are
associated with histone acetylation or deacetylation.
PML-RARo and AML-ETO fusion proteins produce
abnormal mSin3A/HDAC complexes in hematopoie-
tic malignant cells.?**' Retinoic acid receptor alpha,
RARo, binds to the HDAC complex for transcrip-
tional repression in the absence of the ligand, and
binds to the HAT complex for transcriptional
activation in the presence of the ligand.** Recently,
it has been shown that human T-cell leukemia virus
type 1 (HTLV-1) Tax protein, which activates
transcription from its long terminal repeat by
interacting with p300/CBP and CREB, can nega-
tively regulate the gene expression by binding with
HDAC1.%® These cases have a similarity with the
relationship of SYT and mSin3A shown in the
present study. The mSin3A/HDAC complex might
negatively regulate the transcriptional activation
mediated by SYT which is associated with transcrip-
tional coactivators such as p300. Our findings after
long incubation showed that HDAC1, SMRT and N-
CoR weakly interact with SYT by yeast two-hybrid
assay (data not shown). These proteins may bind
with SYT indirectly through endogenous SIN3,
which is a yeast homologue of mSin3A.

SYT-SSX fusion gene has been detected in nearly
97% cases of synovial sarcomas.®* At present, there
is no effective treatment for synovial sarcomas, and
the 5-year overall survival rates for synovial sarco-
mas are 53% for the SYT-SSX1 type and 73% for the
SYT-SSX2 type.?® Our results reveal the possibility
that an association of SYT and deacetylation may be
critical for tumorigenesis in synovial sarcomas.
Proteins that are regulated by acetylation and
deacetylation are known to include not only histone
but also tumor suppressor proteins and transcrip-
tional factors that participate in regulation of
differentiation, proliferation and apoptosis.®®
Further analyses of the protein—protein interaction
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of SYT-SSX will be required to shed light on the
mechanism of tumorigenesis in synovial sarcomas,
and to develop an effective cure for synovial
sarcomas.
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