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Synovial sarcoma is a soft tissue cancer associated with a recurrent t(X:18) translocation that generates one of two fusion
proteins, SYT-SSX1 or SYT-SSX2. In this study, we demonstrate that SYT-SSX2 is a unique oncogene. Rather than confer
enhanced proliferation on its target cells, SYT-SSX2 instead causes a profound alteration of their architecture. This
aberrant morphology included elongation of the cell body and formation of neurite-like extensions. We also observed that
cells transduced with SYT-SSX2 often repulsed one another. Notably, cell repulsion is a known component of ephrin
signaling. Further analysis of SYT-SSX2–infected cells revealed significant increases in the expression and activation of
Eph/ephrin pathway components. On blockade of EphB2 signaling SYT-SSX2 infectants demonstrated significant rever-
sion of the aberrant cytoskeletal phenotype. In addition, we discovered, in parallel, that SYT-SSX2 induced stabilization
of the microtubule network accompanied by accumulation of detyrosinated Glu tubulin and nocodazole resistance. Glu
tubulin regulation was independent of ephrin signaling. The clinical relevance of these studies was confirmed by
abundant expression of both EphB2 and Glu tubulin in SYT-SSX2–positive synovial sarcoma tissues. These results
indicate that SYT-SSX2 exerts part of its oncogenic effect by altering cytoskeletal architecture in an Eph-dependent
manner and cytoskeletal stability through a concurrent and distinct pathway.

INTRODUCTION

Alteration of cytoskeletal architecture is a frequent feature of
cancer cells. It is associated with several key processes of
cancer progression such as epithelial-to-mesenchymal tran-
sition, cellular migration and invasion, and loss of cell–cell/
cell–matrix adhesion (Carthew, 2005; Savagner, 2001; Wa-
tanabe et al., 2005; Yamazaki et al., 2005). Tumor cells
deregulate their cytoskeletal organization by disrupting sig-
naling pathways that control the homeostasis of cytoskeletal
compartments ranging from the actin filament network to
the microtubule network and focal adhesion complexes.

One important oncogenic target pathway that converges
on the cytoskeleton is the ephrin/Eph system. This pathway
involves the interaction between cell-bound ephrin ligands
and the Eph receptor tyrosine kinases (RTKs) expressed on
neighboring cells. The ephrin family is categorized into two
groups, A ligands (ephrin A1–A5) and B ligands (ephrin
B1–B3, Pasquale, 2005). The Eph receptors are also subdi-
vided into the EphA class (EphA1–EphA10) and the EphB
class (EphB1–EphB6). With only a few exceptions (Pasquale,
2005), ephrin A ligands bind to EphA receptors, whereas
ephrin B ligands bind to EphB receptors. One distinctive
feature of the ephrin/Eph pathway is that it requires the

assembly of large signaling clusters of ligands and receptors
for optimal activation (Klein, 2004). In addition, signaling
through the ephrin/Eph system can be bidirectional: for-
ward signaling transduced into the Eph-expressing cell and
reverse signaling in the ephrin-expressing cell. Signaling
through the ephrin/Eph system feeds into numerous down-
stream pathways, such as the MAP kinase, Jak/Stat, PI3
kinase cascades, and the Rho- or Rac-mediated cytoskeletal
pathways (Pasquale, 2005).

The ephrin/Eph system has been classically described as
a patterning pathway that regulates cytoarchitecture and
determines cell positioning during development and tissue
regeneration. These consist of cytoskeleton-dependent
events where the ephrins and their receptors shape organs
such as the colon (Batlle et al., 2002) and kidney (Ogawa et
al., 2006). They were first discovered as the major modula-
tors of axonal guidance, neurite outgrowth, dendritic spine
morphogenesis, vasculogenesis, and cellular repulsion (Pas-
quale, 2005). In addition to these functions, recent work has
implicated ephrin signaling in processes important for tu-
mor progression, such as increased tumor angiogenesis
(Brantley et al., 2002), enhanced migration (Miao et al., 2000),
and loss of adhesion (Zou et al., 1999). The ephrin/Eph
pathway is gaining importance in the cancer field because of
frequent alterations of its various family members and their
inferred involvement in the development of multiple can-
cers, including breast, colon, brain, lymphoid, malignant
melanoma, prostate, and lung cancer (Tang et al., 1999).

Synovial sarcoma is an aggressive soft tissue cancer resis-
tant to current therapies. It is characterized by a t(X;18)(p11;
q11) translocation event that juxtaposes the SYT (SYnovial
sarcoma Translocated) gene on chromosome 18 with an SSX
gene on the X chromosome (Clark et al., 1994). The resulting
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chimeric product, SYT-SSX, generates a fusion protein de-
rived from both genes. The SYT component encodes a nu-
clear protein that interacts with both the SWI/SNF chroma-
tin remodeling complex (Kato et al., 2002) and the p300
acetyltransferase (Eid et al., 2000), suggesting a role in gene
regulation. The SSX gene belongs to a family of nine mem-
bers (SSX1–9) expressed mostly in germline cells. The vast
majority of translocation events in synovial sarcoma involve
either SSX1 or SSX2 (Ladanyi, 2001). SSX1 and SSX2 are
developmental nuclear proteins that associate with poly-
comb transcription repression complexes and are implicated
in the control of gene expression (Lafanechere and Job,
2000). Interestingly, differences in the histology of synovial
sarcoma tumors are associated with the particular SSX in-
volved in the translocation event (a monophasic spindle cell
histology in SYT-SSX2–positive cancers vs. a biphasic histol-
ogy composed of spindle cells and glandular epithelium in
SYT-SSX1–expressing synovial sarcoma; Antonescu et al.,
2000).

The t(X;18)(p11;q11) rearrangement is detected in greater
than 95% of synovial sarcoma tumors and is thought to play
a crucial role in the genesis and progression of this cancer
(Clark et al., 1994). Previous studies have revealed that SYT-
SSX1 possesses inherent transforming activity (Nagai et al.,
2001). SYT-SSX1 transfectants exhibited enhanced prolifera-
tion, anchorage-independent growth, and tumorigenicity in
nude mice. These properties established SYT-SSX1 as a clas-
sic oncogene. The biological effect of SYT-SSX2 on its target
cells, however, is still unknown. Uncovering it will therefore
be instrumental in understanding the molecular pathogen-
esis of synovial sarcoma in tumors containing the SYT-SSX2
translocation.

In this study we present evidence that implicates ephrin
signaling in this process. Functional experiments to assess
the oncogenic role of SYT-SSX2 uncovered a striking cy-
toskeletal malformation that was controlled by the ephrin/
Eph system, specifically through forward signaling medi-
ated by the EphB2 receptor. This perturbed morphology was
accompanied by an increase in the stability of the microtu-
bule network and the accumulation of detyrosinated tubulin
via a cytoskeletal pathway distinct from ephrin. The SYT-
SSX2 oncogene thus appears to function in part by targeting
the cytoskeleton in a dual manner.

MATERIALS AND METHODS

Cells and Reagents
NIH3T3 cells were grown in DMEM supplemented with 10% fetal bovine
serum (FBS). Antibodies for immunoprecipitation and Western blotting in-
cluded anti-Ephrin B1 (Zymed, San Francisco, CA), anti-EphA4 (Zymed),
anti-EphB2 (Zymed), and anti-pTyr 4G10 (Upstate, Lake Placid, NY). For
immunofluorescence studies, anti-hemagglutinin (HA), anti-�-tubulin, and
phalloidin, all from Sigma (St. Louis, MO) were used. The following com-
pounds were used for inhibitor treatment of infected cells: PD98069, AG1295,
Calphostin C, Go6976, W7, NF0–023, cyclopamine, LY290042, Rac1 inhibitor,
SP-600125, Y27632, KT5720, H89, D4476, Genistein, AG1478, SB-20358, SB-
220025, U0126, and AG18 all from Calbiochem (La Jolla, CA). KN93 (Biomol,
Plymouth Meeting, PA), Compound E (Axxora, San Diego, CA), C3 trans-
ferase (Cytoskeleton, Denver, CO), CK1-7 (US Biological, Swampscott, MA),
Fugene (Roche, Indianapolis, IN), and pertussis toxin (Sigma) were also used.
Chemical treatments were performed overnight, with the exceptions of CK1-7
(4 h) and D4476 (3 h). Concentrations used are indicated in Results.

Retroviral Transduction of NIH3T3 Cells
The SYT, SYTdel8, and SYT-SSX2 cDNAs were inserted into the pOZ retro-
viral construct (a gift from Pat Nakatani, Dana-Farber Cancer Institute, Bos-
ton, MA) as previously described (Pretto et al., 2006). Transient retroviral
infections were performed as described previously (Pretto et al., 2006) using
the phoenix packaging cell system. Viruses were harvested 2 d after trans-
fection and added to NIH3T3 cells for 6 h in the presence of 4 �g/ml
polybrene.

Cell Cycle Analysis
For asynchronous cell cycle experiments, cells were collected at 48 and 72 h
after infection, fixed at 4°C overnight in ice-cold 70% ethanol, and processed
for propidium iodide staining as described (Janumyan et al., 2003). Cell cycle
distribution was assessed using a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA) and analyzed by CellQuest software (BD Biosciences).

Bromodeoxyuridine Labeling
Bromodeoxyuridine (BrdU) incorporation assays were performed using the
BrdU Incorporation Assay Kit (Roche, Indianapolis, IN) according to the
manufacturer’s instructions. Briefly, at 48 h after infection, cells on glass
coverslips were labeled with BrdU for 60 min and immunostained for incor-
poration with anti-BrdU antibodies and infection efficiency with anti-HA. The
BrdU labeling index was then taken as the ratio of BrdU-positive cells to
infected cells.

Apoptosis Assays
Apoptosis was assessed by Annexin V binding as previously described
(Janumyan et al., 2003). Induction of apoptosis was examined by using a
FACSCalibur flow cytometer (BD Biosciences), and quantitative analysis was
carried out using CellQuest software (BD Biosciences).

Microarray Analysis and RT-PCR
Total RNA was extracted from infected NIH3T3 cells using the RNAeasy
Miniprep Kit (Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. For microarray experiments, RNA was submitted to the Vanderbilt
Microarray Shared Resource Facility for hybridization with Affymetrix Mouse
Genome 430a GeneChip arrays. Gene expression intensity of SYT-SSX2 infec-
tants was normalized to the pOZ backbone vector control. For RT-PCR
analysis, 1 �g RNA was converted to cDNA using the Superscript II Reverse
Transcriptase System (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. PCR of transcripts was performed using the following
primers: EPHRINB1-F: 5�-CCGAAGATTGGAGACAAGCTG-3�; EPH-
RINB1-R: 5�-GGATCTTGCCCAACCTTCATA-3�; EPHA4R-F: 5�-ATTCCA-
GATCTGTTCAGGGAG-3�; EPHA4R-R: 5�-ACTGGCTCTCTCTGATGAAGC-
3�; EPHB2-F: 5�-ACCTCTACTACTATGAGGCTG-3�; EPHB2-R: 5�-GTTC-
TCCACAGCCTCGAAGC-3�; GAPDH-F: 5�-CCTTCATTGACCTCAACTAC-3�;
and GAPDH-R: 5�-GGAAGGCCATGCCAGTGAGC-3�. The following conditions
were used for PCR amplification: 1 cycle of 4 min at 94°C, 32 cycles of 1 min at 94°C,
1 min at 56°C and 1 min at 72°C and 1 cycle of 10 min at 72°C.

Immunoprecipitations
For immunoprecipitations, cells were lysed in RIPA buffer (50 mM Tris, pH
7.5, 150 mM NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% SDS, 1 mM
dithiothreitol) for 30 min at 4°C and centrifuged to remove insoluble material.
Lysates were incubated with primary antibodies (all at 1 �g/ml final concen-
tration) for 4 h at 4°C. Lysates were then incubated with protein A-Sepharose
(Amersham Biosciences, Uppsala, Sweden) for 30 min at 4°C. Immunopre-
cipitates were then washed in RIPA buffer and boiled in Laemmli sample
buffer for Western blot analysis.

Indirect Immunofluorescence
For indirect immunofluorescence studies, cells were plated on coverslips
preincubated with 0.2% gelatin in phosphate-buffered saline (PBS). Coverslips
were fixed in 3% paraformaldehyde/2% sucrose, washed with PBS, and
permeabilized in 0.2% Triton. Cells were washed then blocked for 20 min in
3% goat serum diluted in PBS. Coverslips were incubated with anti-tubulin
(1:400) and anti-HA (1:200) antibodies diluted in blocking buffer for 2 h.
Coverslips were washed and incubated with Alexa-conjugated secondary
antibodies (Molecular Probes, Eugene, OR) for 30 min. Coverslips were
washed and mounted on slides using VectaStain with DAPI (Vector Labora-
tories, Burlingame, CA). For immunostaining of synovial sarcoma tissues,
samples were cryosectioned by the Vanderbilt Immunohistochemistry Core
and processed for indirect immunofluorescence as described above with the
following modifications: the fixation step was performed with ice-cold ace-
tone and primary antibody incubations were performed overnight at 4°C.
Cells were visualized using a Zeiss (Axioplan 2) fluorescence microscope
(Thornwood, NY).

Ephrin Pathway Blocking Experiments
To perform ephrin pathway blocking experiments, EphB2 monomers were
generated from EphB2-Fc dimers (R&D Systems, Minneapolis, MN), respec-
tively. To produce monomers, EphB2-Fc was incubated with Factor Xa pro-
tease (0.5 U/�g protein) at 37°C overnight in digestion buffer (150 mM NaCl,
20 mM Tris, pH 8, 2.5 mM CaCl2). Fc fragments and uncleaved protein were
removed with a 30-min incubation in protein A-Sepharose (Amersham Bio-
sciences), followed by Factor Xa protease removal using a 30-min incubation
in p-aminobenzamidine-agarose (Sigma). Monomer production was con-
firmed by gel electrophoresis/Coomassie staining and quantitated by Lowry
assay. Monomers were added to NIH3T3 cells 24 h after infection at a
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concentration of 4 �g/ml overnight. Indirect immunofluorescence was then
performed as described.

RESULTS

Expression of SYT-SSX2 Results in Perturbation of
Cytoskeletal Architecture
To understand the oncogenic function of SYT-SSX2, we be-
gan with its impact on cell proliferation. Because synovial
sarcoma is a mesenchymal cancer, we chose NIH3T3 cells as
the recipient cells where we compared the biological effects
of SYT-SSX2 to that of full-length SYT and SYTdl8 (the SYT
component in SYT-SSX2). All proteins where transiently
expressed in the pOZ retroviral vector as previously de-
scribed (Pretto et al., 2006) at high efficiency (80–90%; see
Figure 1E) and at equivalent levels (Figure 2C).

Contrary to what we expected, we found that ectopic
expression of SYT-SSX2 in NIH3T3 cells did not increase
proliferation, as measured by both cell counting and BrdU
incorporation experiments in the presence of high (Figure 1,
A and B) and low serum (data not shown). Rather, upon
closer inspection, we noticed a slight but persistent decrease
in cell number that corresponded with progressive rounding
and detachment of a small subset of SYT-SSX2–expressing
cells 48–72 h after infection (Figure 1A). No significant in-
crease in apoptosis (Figure 1C) or accumulation in M-phase
(Figure 1D) was detected. This led us to conclude that cell
rounding likely reflects a defect in cellular adhesion. More-
over, SYT-SSX2 infectants failed to form colonies in soft agar
and were incapable of anchorage-independent growth (data
not shown), indicating that SYT-SSX2 biological effects in
our system are distinct from those of canonical oncogenes.

Accompanying the adhesion phenotype was an aberrant
morphological change that occurred by 48 h after infection
in SYT-SSX2–expressing cells. This alteration in morphology
included elongation and narrowing of NIH3T3 cells, as well
as formation of neurite-like extensions in a significant pop-
ulation of these cells (Figure 2, A, B, and D). We could
readily visualize this phenomenon by indirect immunoflu-
orescence with antibodies specific to �-tubulin (Figure 2A).
This phenotype is dependent on the chimera-forming addi-
tion of SSX2, because SYT and SYTdl8 infectants exhibited
normal morphology (Figure 2A). Phalloidin staining dem-
onstrated that F-actin distribution corresponded to the gen-
eral contour of the microtubule cytoskeleton (Figure 2D).
These data suggest that the phenotype represents a general
perturbation of normal cytoskeletal organization and results
from a dominant effect of the translocation protein.

The formation of these projectile structures could poten-
tially translate into an enhanced migratory phenotype.
However, we could not detect an increase in the migration
nor invasive capacity of SYT-SSX2 infectants in transwell
assays (data not shown), suggesting that this phenomenon
does not affect cellular motility in response to a chemokine
gradient. It is noteworthy, however, that unlike control vec-
tor, SYT and SYTdl8 infectants that were capable of forming
normal cell junctions, SYT-SSX2–expressing cells demon-
strated a more “scattered” phenotype, carving paths away
from each other (Figures 2, A and D, and 3B). This phenom-
enon reflects an activated positional pathway that results in
cell repulsion, without causing a change in the rate of che-
motactic migration.

As in NIH3T3 cells, a proliferation defect, an abnormal
morphology, and a propensity to detach were consistently
observed in different SYT-SSX2–expressing mammalian cell
lines, of mesenchymal and epithelial origins (U2-OS; human
osteosarcoma, C57MG; murine mammary cell line, and Ma-

din-Darby canine kidney cells [MDCK; data not shown]).
This is suggestive of a preserved biological function of SYT-
SSX2 across species and cell types.

Taken together, these data confer on SYT-SSX2 unusual
oncogenic properties, distinct from those of SYT-SSX1 or
other proliferative oncogenes.

Changes in Microtubule Composition and Stability after
Ectopic Expression of SYT-SSX2
To ascertain whether the cellular projections emanating
from SYT-SSX2 infectants were microtubule-dependent, we
treated the cells with a high dosage of nocodazole, a micro-
tubule-destabilizing agent (1 �g/ml; 1 h). To our surprise,
we found that SYT-SSX2–expressing cells were highly resis-
tant to the cytoskeletal collapse induced by nocodazole treat-
ment compared with controls (Figure 3A). Nocodazole re-
sistance is generally indicative of a stable microtubular
structure enriched in detyrosinated �-tubulin (Glu tubulin;
Moreno-Flores et al., 2002). Consistent with a stabilized mi-
crotubule network, we detected an elevation of the Glu
tubulin species in SYT-SSX2–transduced cells, much of
which was localized to the neurite-like extensions (Figure 3,
B and C). We then asked whether accumulation of Glu
tubulin is augmented in SYT-SSX2–positive synovial sar-
coma tumor samples. Four synovial sarcoma samples ob-
tained from patients were confirmed as SYT-SSX–positive by
both RT-PCR and SSX2-specific antibody immunostaining
(data not shown). Interestingly, all four tumor isolates ex-
hibited pronounced enrichment of Glu tubulin relative to
control muscle tissue (Figure 3D). Taken together, these
experiments demonstrate that expression of SYT-SSX2 in
mesenchymal cells led to active remodeling of not only their
cytoskeleton architecture but in its composition as well.

Treatment of Cells with Signaling Pathway Inhibitors
Modulates SYT-SSX2–induced Abnormal Morphology
We desired to gain a better understanding of the signal
transduction pathway(s) responsible for this cytoskeletal
perturbation phenotype, because this could provide us with
further insight into the significance of this phenomenon. We
tested pharmacological inhibitors of numerous signaling
pathways in SYT-SSX2 infectants to determine if abolish-
ment of specific pathways resulted in a reversion of its
altered cytoskeleton. We found that inhibition of certain
pathways exaggerated the aberrant morphology of SYT-
SSX2 infectants, most notable among them was the suppres-
sion of the Rho/ROCK pathway (Table 1). This enhanced
phenotype was manifested primarily through an increase in
the size and number of projections extending from the cell
body. Of the inhibitors tested, only the tyrphostin AG18 was
capable of completely reverting the phenotype (Figure 4).
AG18 is a general inhibitor of tyrosine kinases (Bryckaert et
al., 1992), suggesting that tyrosine kinase–mediated cell sig-
naling, such as through a receptor tyrosine kinase, may be
involved in the establishment of SYT-SSX2–specific mor-
phology. Because AG18 can effect a multitude of signaling
cascades, we were interested in trying to further narrow the
list of candidate pathways involved in the cytoskeletal phe-
notype of SYT-SSX2–expressing cells.

Alteration of the Cytoskeleton in SYT-SSX2 Infectants Is
Partially Mediated by Forward Signaling through the
EphB2 Receptor
To decipher the underlying pathway(s) causing SYT-SSX2
morphology, we performed Affymetrix microarray analysis
on RNA transcripts extracted from cells infected with either
SYT-SSX2 cDNA or the control retroviral pOZ backbone.

SYT-SSX2 and Cytoskeletal Remodeling
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After hybridization of SYT-SSX2 and pOZ backbone tran-
scripts to microarray platforms, transcript changes were ex-
pressed as Log2 ratios of SYT-SSX2 signal intensity to the
pOZ control (where the Log2 ratio, x, represents twofold

increases (or decreases) in transcript level). Gene profiles in
SYT-SSX2–expressing cells repeatedly showed changes in the
expression patterns of key proteins involved in cell cycle con-
trol, signal transduction, cytoskeletal organization, extracellu-

Figure 1. SYT-SSX2 does not alter cellular growth.
(A) Proliferation of NIH3T3 cells infected with pOZ,
SYT, SYTdel8, and SYT-SSX2 was quantitated by cell
counting at 48 and 72 h after infection. Cell counts
were normalized to the pOZ retroviral vector control
and expressed as fold increase over pOZ. The per-
centage of floater cells (%FL) detached from the total
number of cells in the monolayer was quantitated
across conditions and at both time points (p �
0.0025; n � 3). (B) BrdU incorporation in SYT-SSX2–
expressing cells and controls, 48 h after infection.
Data are represented as a ratio of BrdU-positive cells
over total number of infected cells. (C) Apoptosis by
annexin V–binding assays in cells transduced with
SYT-SSX2 cDNA and controls at 72 h after infection.
The percentage of apoptotic cells was normalized to
the pOZ retroviral vector and expressed as fold in-
crease over pOZ. (D) Percentage of cells in G1, S, or
G2/M in SYT-SSX2 infectants and controls, analyzed
by flow cytometry at 72 h after infection. (E) Infec-
tion efficiency of the pOZ retroviral transduction
system. NIH3T3 cells infected with FLAG/HA-
tagged SYT, SYTdel8, SYT-SSX and pOZ retroviral
vectors were immunostained with a HA-specific an-
tibody. Left, DAPI stain; right, HA. The cytoplasmic
HA staining in pOZ-infected cells is due to the gen-
eration of an irrelevant FLAG/HA-tagged peptide
by the vector (see Figure 2C). Magnification, 20�.
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lar matrix components, and transcriptional regulation (Supple-
mentary Tables 1 and 2; GEO Database Accession Nos.
GSM180973 and GSM180974). Many corresponded to previ-
ously described SYT-SSX targets (e.g., IGF2) or genes known to
be differentially expressed in synovial sarcoma (Allander et al.,
2002), supporting the validity of our analysis.

One of the most pronounced and reproducible changes
observed in our microarray analyses was an increase in the
transcript levels of numerous components of the ephrin
signaling pathway in SYT-SSX2 infectants; these included
the ephrin ligands A3, A4, and B1 as well as the Eph recep-
tors A4, A8, B2, and B3 (Table 2). Multiple hits of at least
twofold overexpression in one or both microarray replicates

were detected for all of these ephrin pathway members
(Table 2). We were intrigued by this pathway for several
reasons. First, ephrins regulate numerous processes analo-
gous to the observed phenotype caused by SYT-SSX2. For
example, the cellular extensions protruding from SYT-SSX2–
transduced cells resemble the neurite outgrowths normally
regulated by ephrin signaling (Moreno-Flores et al., 2002). In
addition, the “scattered” phenotype of SYT-SSX2 infectants
may represent a cellular repulsion event, a process also
regulated by ephrin signaling in various cell types (Poliakov
et al., 2004). Second, previous microarray studies have de-
tected an overabundance of ephrin ligand and Eph receptor
transcripts in synovial sarcoma tumors relative to other soft
tissue sarcomas (Nagayama et al., 2002), although it was

Figure 2. The SYT-SSX2 fusion protein alters the morphology of
NIH3T3 cells. NIH3T3 cells were infected with FLAG/HA-tagged
pOZ retroviral backbone, pOZ-SYT, pOZ-SYTdel8, and pOZ-SYT-
SSX2. (A) Cell body elongation and neurite-like extension formation
in SYTSSX2-infected cells. Cells were immunostained for both �-tu-
bulin and HA. Cytoplasmic HA staining in pOZ-infected cells is due
to an irrelevant FLAG/HA-tagged peptide (see Figure 2C) gener-
ated by the vector and interrupted upon insertion of the SYT and
SYT-SSX cDNAs. (B) The percentage of infected cells that produce
neurite-like extensions. A total of 1000 cells were counted from
fields of equal density (n � 5) and performed in duplicate. (C)
Expression levels of pOZ proteins in NIH3T3 cells visualized with
the FLAG antibody. (D) SYT and SYT-SSX2 infected cells were
double-stained for F-actin (phalloidin) and �-tubulin. A merged
image of both immunostains is also shown. An infection rate of
�90% in this experiment was confirmed. Magnification, 40�.

Figure 3. Alteration of microtubule composition in SYT-SSX2 in-
fectants. (A) SYT-SSX2 confers resistance to nocodazole treatment.
SYT and SYT-SSX2 infectants were treated with 1 �g/ml nocodazole
for 1 h and immunostained with �-tubulin and HA antibodies.
Pictures represent merged images of �-tubulin (red) and HA
(green). (B) Enrichment of detyrosinated Glu tubulin in SYT-SSX2–
expressing cells. Merged images of SYT and SYT-SSX2 infectants
immunostained with anti-Glu tubulin (red) and anti-HA (green)
antibodies. (A and B) Magnification, 40�. (C) Accumulation of total
Glu tubulin in SYT-SSX2 infectants. Levels of �-tubulin, Glu tubulin,
�-tubulin, and FLAG-tagged SYT and SYT-SSX2 are shown. (D)
Accumulation of Glu tubulin in SYT-SSX2–positive synovial sar-
coma tissues. Cryosections of normal muscle control and four sy-
novial sarcoma samples were immunostained with anti-Glu tubulin
antibody. Magnification, 20�.
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unknown whether this up-regulation played a functional
role in synovial sarcoma disease. Finally, the fact that the
Eph proteins are receptor tyrosine kinases suggested that
they may represent the targets of the AG18-mediated rever-
sion of the SYT-SSX2–specific phenotype. It is therefore pos-

sible that increases in ephrin/Eph receptor levels contribute
to the cellular morphology and “repulsion” phenotype of
SYT-SSX2–expressing cells. We confirmed the changes in
ephrin/Eph receptor transcripts detected in our microarray
studies using RT-PCR (Figure 5A). In the case of Ephrin B1,
EphA4, and EphB2, the transcript increases corresponded to
an elevation in protein levels (Figure 5B). We also detected
expression of EphB2 in both of our SYT-SSX2–positive
monophasic synovial sarcoma tissues (Figure 5D), further
implicating EphB2 in the pathogenesis of this disease.

The interaction of ephrin ligand to Eph receptor leads to a
receptor clustering process that orients the Eph receptor
kinase domains to favor transphosphorylation of the cyto-
plasmic domains and initiates signaling cascades. These cas-
cades can then be propagated bidirectionally into not only
the Eph receptor–expressing cell (forward signaling) but
into the ephrin-expressing cell as well (reverse signaling;
Pasquale, 2005). Given the overexpression of EphA4, EphB2,
and ephrin B1 observed in SYT-SSX2 infectants, we asked
whether there was a corresponding change in the phosphor-
ylation status (and thus activation state) of these proteins.
Immunoprecipitation of the EphB2 receptor followed by
Western blotting with phosphotyrosine-specific antibodies
(4G10) revealed an increase in phosphorylated EphB2 (Fig-
ure 5C). We were unable to detect phosphorylated ephrin B1
or the EphA4 receptor (data not shown). Enhanced activa-
tion of EphB2 is likely the result of both an increase in the
receptor level and that of its ligand, ephrin B1 (Figure 5, A
and C). The specific hyperphosphorylation of EphB2 dem-
onstrates that forward ephrin signaling, through the EphB2
receptor, is amplified following the ectopic expression of
SYT-SSX2.

After the observation of enhanced EphB2 activation in
SYT-SSX2–transduced cells, we ascertained whether this
pathway contributed to the altered cytoskeleton of these
cells. We blocked EphB2 activation using soluble monomers
of the extracellular domain of the EphB2 receptor. Soluble
EphB2, through competitive interaction with its ephrin B
ligands, impairs forward signaling through the EphB2 re-
ceptor. Treatment of NIH3T3 cells with soluble EphB2
caused substantial retraction of the SYT-SSX2–induced neu-
rite-like extensions and a profound reduction in their size

Figure 4. Reversion of SYT-SSX2–induced morphology with the
tyrosine kinase inhibitor AG18. SYT-SSX2–infected NIH3T3 cells
were treated with either carrier solution (�) or 100 �M AG18 (�)
overnight. Cells were visualized by indirect immunofluorescence
with �-tubulin (red) and HA (green) antibodies. Magnification, 40�.

Table 1. Effect of signaling inhibitors on SYT-SSX2–induced morphology

Inhibitor �Conc.� Pathway affected Effect Inhibitor �Conc.� (�M) Pathway affected Effect

DMSO — — None SP-600125 50 JUNK None
Pertussis 0.2 �g/ml GPCR None Y27632 10 ROCK I/II Exaggerationa

PD98069 50 MEK1 None C3 transferase 5 �g/ml RhoA/B/C Exaggeration
AG1295 50 PDGF None KT5720 5 PKA Exaggeration
Calphostin C 2.5 PKC None H89 25 PKA Exaggeration
Go6976 200 nM PKC None CK1-7 50 CK1 Exaggeration
W7 30 Calcium None D4476 100 CK1 Exaggeration
KN93 10 CAMKII None Genistein 10 Tyrosine kinase Exaggeration
NF-023 50 G-� o/i None AG1478 1 EGFR Exaggeration
Cyclopamine 1 SHH None SB-203580 10 p38 MAPK Exaggeration
Compound E 1 NOTCH None SB-220025 10 p38 MAPK Exaggeration
LY290042 50 PI3K None U0126 50 MEK1/2 Partial rescuea

Rac inhibitor 50 Rac1 None AG18 100 Tyrosine kinase Full rescue

a Exaggeration denotes an increase in the number and length of extensions protruding from SYT- SSX2 infectants as well as further narrowing
of the cell body rescue.
b Partial rescue signifies an incomplete reversion to normal NIH3T3 cell morphology in SYT-SSX2–transduced cells; includes a decrease in
the size and number of cellular extensions.
c Complete rescue signifies a full reversion to normal NIH3T3 cell morphology in SYT-SSX2 infectants.

Table 2. Eph/ephrin mRNA increases in SYT-SSX2 infectants de-
tected by microarray analysis

Log2 increase ratiosa

Gene
Accession

no.
Microarray hits

in replicate 1
Microarray hits

in replicate 2

EphA4 BB706548 1.5, 1.5 2.4, 1.9
EphA8 NM�007939.1 — 2.9
EphB2 AV221401 1.8, 1.6 —
EphB3 BC014822.1 1.1 1.1
Ephrin B1 NM�010110.1 3.8, 2.8, 2.5 4.2, 3.2, 2.8
Ephrin A3 AA388313 2.1 2.6
Ephrin A4 NM�007910.1 1.5 1.7

a Ratios are of SYT-SSX2 signal intensity over pOZ vector control.
—, no microarray hits.
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and number (Figure 6, A and B). It also led to a significant
attenuation of the morphological phenotype where the cells
lost much of their elongated shape (Figure 6A). In contrast to
its effects on the aberrant morphology, we did not observe a
suppression of SYT-SSX2–mediated nocodazole resistance
and Glu tubulin accumulation after EphB2 monomer treat-
ment (data not shown). This suggests that the enhanced
microtubule stability observed in SYT-SSX2 infectants is me-

diated by a separate pathway that is concurrently activated
by the chimeric protein.

Taken together, these data demonstrate an SYT-SSX2–
induced alteration of cytoskeletal structure and microtubu-
lar composition/stability in NIH3T3 cells.

DISCUSSION

In this study, we have described a novel cytoskeletal phe-
notype associated with de novo expression of the SYT-SSX2
oncogene. NIH3T3 cells transduced with SYT-SSX2 dis-
played an alteration of the cytoskeleton that is manifested in
the elongation of the cell body as well as the extension of
neurite-like processes. The change in cell shape was accom-
panied by induction of detyrosinated Glu tubulin, the pres-
ence of which indicates a stabilized microtubule network.

Figure 5. SYT-SSX2 induces an increase in the expression and
activation of the EphB2 receptor. (A) Transcript levels of Eph/
ephrin pathway components in SYT- and SYT-SSX2–expressing
cells examined by RT-PCR. GAPDH cDNA was used as control. (B)
Eph/ephrin expression in SYT-SSX2 infectants. NIH3T3 cells in-
fected with pOZ, SYT, SYTdel8, and SYT-SSX2 were immunoblotted
with antibodies to EphB2, EphA4, ephrin B1, and �-tubulin as a
loading control. (C) Enhanced activation of EphB2 in the presence of
SYT-SSX2. Tyrosine-phosphorylated EphB2 was immunoprecipi-
tated from SYT and SYT-SSX2 cell lysates with an EphB2-specific
antibody and visualized with anti-pTyr (4G10) antibody. Its identity
was confirmed upon reprobing the immunoblot with the EphB2
antibody. Total levels of EphB2 and FLAG-tagged SYT and SYT-
SSX2 in the lysates are also indicated with �-tubulin as a loading
control. (D) EphB2 expression in cryosections of two SYT-SSX2–
positive monophasic synovial sarcoma tumors immunostained with
anti-EphB2 antibody. Magnification, 20�.

Figure 6. Rescue of SYT-SSX2–induced cytoskeletal alterations by
the blockade of EphB2 forward signaling. (A) Suppression of EphB2
signaling reduces the aberrant morphology of SYT-SSX2–express-
ing cells. SYT-SSX2 infectants were incubated with either the carrier
buffer (�) or with soluble monomeric EphB2 (�) at 4 �g/ml for 18 h.
Immunofluorescence using �-tubulin (red) and HA (green) antibod-
ies is displayed as merged images of the both channels. Magnifica-
tion, 40�. (B) Quantitation of neurite-like extensions after EphB2
signaling blockade. The percentage of cells that bears cellular pro-
jections in carrier buffer control and EphB2 monomer–treated SYT-
SSX2 infectants was scored from a total of 1000 cells counted from
fields of equal density (n � 3) and performed in duplicate.
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Mechanistically, activation of the EphB2 forward signal-
ing pathway by SYT-SSX2 contributes significantly to the
alteration in morphology caused by this oncogene. En-
hanced EphB2 signaling is likely the result of both increases
in the EphB2 receptor as well as its interacting ephrin B1
ligand. Microarray and RT-PCR analysis indicated that the
induction of EphB2 and its ephrin B1 ligand is most likely
mediated at the transcriptional level. Although it is possible
that the promoters of these genes may be direct targets for
SYT-SSX2, we cannot rule out that these transcript increases
are executed through the up-regulation/activation of a mas-
ter regulator of a cellular program. Regardless of the tran-
scriptional mechanism, the dependence of SYT-SSX2–asso-
ciated cytoskeletal architecture on EphB2 activation suggests
that molecular targeting of the ephrin signaling pathway
may be utilized to combat synovial sarcoma.

These in vitro findings reflect important behavioral char-
acteristics of synovial sarcomas. The Ephrin receptor ty-
rosine kinases (Ephs) are increasingly reputed as proto-
oncogenes. This is based on their deregulated activity often
observed in numerous cancers (Wimmer-Kleikamp and
Lackmann, 2005). Although classical oncogenes upset cell
proliferation, differentiation, and apoptotic programs, Ephs
instead manipulate cytoskeletal pathways involved in cell
positioning and movement. During tumor progression, they
are believed to direct and orient cells for metastasis. More-
over, Ephs function in vasculogenesis may induce neovas-
cularization in advanced cancers (Heroult et al., 2006). The
striking up-regulation of the ephrin/Eph family members in
SYT-SSX2–expressing cells and the resulting aberrant mor-
phology with neurite extensions may illustrate in vivo
events occurring in synovial sarcoma formation/progres-
sion, whereby Eph activation may position cancer cells for
invasiveness and ephrin ligand (ephrin B1) on the surface
attract endothelial cells and promote tumor vascularization.
Resistance of synovial sarcomas to systemic therapies might
be explained by their acquisition of such invasiveness prop-
erties early on in tumor development, as soon as the chro-
mosomal rearrangement occurs.

Notably, gene expression profiling in a murine SYT-SSX2
induced synovial sarcomas reiterated the up-regulation of sev-
eral ephrin/Eph family components (such as EphB2) that we
discovered in our NIH3T3 microarray and also reported in
several human synovial sarcoma–derived microarrays (Na-
gayama et al., 2002; Nielsen et al., 2002). These findings rein-
force the clinical relevance of ephrin signaling in the context of
this cancer. Moreover, the EphB2-mediated elongated shape in
SYT-SSX2-NIH3T3 infectants resembles the spindle morphol-
ogy of human and mouse model-derived monophasic synovial
sarcoma, suggesting that this histology is directly attributed to
the SYT-SSX2 translocation product.

Although the downstream effectors for this EphB2-medi-
ated cytoskeletal remodeling remain to be characterized, our
studies provide preliminary evidence that suppression of
Rho signaling may be involved. Inhibitors of both Rho (C3
transferase) and ROCK (Y27632), but not Rac1, caused a
pronounced exaggeration of the SYT-SSX2–associated mor-
phology (Table 1). Interestingly, these findings are reminis-
cent of previous studies that have observed the generation of
neurite-like projections after the inhibition of Rho and
ROCK in cultured fibroblasts (Scaife et al., 2003). Nonethe-
less, we cannot rule out other pathways as potential contrib-
utors to the cytoskeletal phenotype, such as the ERK path-
way, whose inhibition (by U0126) partially reverted this
SYT-SSX2–induced morphology. The definitive identity of
the effector pathway(s) mediating the Eph-induced pheno-
type is currently under investigation.

Another potential role for SYT-SSX2 in synovial sarcoma
became apparent after the observation that SYT-SSX2–ex-
pressing cells were imparted with stable microtubules en-
riched in detyrosinated Glu tubulin. Immunohistochemistry
analysis of SYT-SSX2–expressing synovial sarcoma tumors
also demonstrated significant levels of Glu tubulin, corrob-
orating our in vitro cell culture findings. Unlike the mor-
phological changes promoted by SYT-SSX2, the alteration in
microtubule composition is not mediated by EphB2 forward
signaling. Our microarray analyses suggest that multiple
signaling pathways may be concurrently activated in re-
sponse to SYT-SSX2 expression, one of which likely contrib-
utes to the observed microtubule stability. Future studies
will be directed toward the elucidation of the pathway re-
sponsible for this microtubule phenotype.

The high concentration of Glu tubulin caused by SYT-
SSX2 in culture and observed in the synovial sarcoma cryo-
sections could explain in part the aggressive behavior usu-
ally associated with this cancer. Glu tubulin is considered a
marker of tumor progression and its accumulation fre-
quently heralds poor prognosis for patients affected with
several cancers such as human breast cancer, prostate can-
cer, and neuroblastomas (Kato et al., 2004; Mialhe et al., 2001;
Soucek et al., 2006). Accumulation of Glu tubulin has been
observed during tumor growth in nude mice (Lafanechere
and Job, 2000). How Glu tubulin accumulation specifically
contributes to cancer is still largely unknown, although re-
cent studies have implicated it in abnormal spindle position-
ing (which could lead to genomic instability; Peris et al.,
2006) and cellular migration (Gundersen and Bulinski, 1988)
and for metastasis induced under hypoxic conditions (Yoon
et al., 2005). Another consequence of Glu tubulin enrichment
is that it serves as a marker for a stabilized microtubule
network that is resistant to microtubule-depolymerizing
agents. This notion is consistent with our finding that SYT-
SSX2-infectants, containing abundant Glu tubulin, are resis-
tant to high dosages of nocodazole treatment. Although
microtubule-depolymerizing agents are often used in cancer
chemotherapeutics, this study predicts and cautions that
these drugs may possess limited efficacy in synovial sarcoma
treatment. Not surprisingly, a recent trial utilizing the mi-
crotubule destabilizer vinorelbine in several soft-tissue can-
cers found no clinical response in synovial sarcoma patients
(Casanova et al., 2002).

Our results indicate that SYT-SSX2 and SYT-SSX1 are func-
tionally distinct. Unlike what has been reported with SYT-SSX1
(Nagai et al., 2001), we did not detect proliferative activity or
anchorage-independent growth after ectopic expression of
SYT-SSX2. This difference may be explained by the nature of
the cell line used in our studies (NIH3T3 fibroblasts vs. 3Y1 rat
fibroblasts) or the method of ectopic expression (transient ret-
roviral transduction vs. G418-selected stable clones). More
likely, there may exist fundamental differences in the function-
ality of SYT-SSX2 versus SYT-SSX1 (with a 13-amino acids
difference in the SSX components) in terms of tumor develop-
ment. These two chimeric forms may vary in their interaction
partners and/or gene targets and thus activate different genetic
programs. Distinct gene expression profiles in microarrays de-
rived from SYT-SSX1 (spindle and glandular, biphasic mor-
phology) and SYT-SSX2 (spindle, monophasic morphology)
synovial sarcomas (Antonescu et al., 2000) mirror the divergent
function and biological effect of the two oncogenes (Fernebro et
al., 2005).

Although expression of the SYT-SSX1 fusion is sufficient
to promote proliferation and transformation, additional ge-
netic changes (oncogene activation/tumor suppressor inac-
tivation) may be necessary to further expose the oncogenic
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potential of SYT-SSX2. This is not surprising, because coop-
eration between more than one oncogene is frequently re-
quired to attain a transformative phenotype (Hanahan and
Weinberg, 2000). Nonetheless, SYT-SSX2 could be desig-
nated as an oncogene in its own right through its ability to
induce the cellular repulsion phenotype reminiscent of Eph-
mediated cell positioning seen in numerous tissues. This
repulsive effect may manifest itself in vivo as a loss of
cell–cell adhesion that initiates the metastatic cascade.
Therefore, SYT-SSX2, although not a classical “proliferative
oncogene,” may function as a “positional oncogene,” that,
combined with other cancer-promoting events, can generate
an aggressive tumor.

The oncogenicity of SYT-SSX2 was recently revealed in a
conditional in vivo model where SYT-SSX2 transgenic mice
developed tumors that recapitulated synovial sarcomas with
100% penetrance (Haldar et al., 2007). In this model, undiffer-
entiated myogenic progenitors were the prime SYT-SSX2 tar-
gets for tumor formation, reinforcing the notion that human
synovial sarcomas originate in mesenchymal progenitor/stem
cells.

Taken together, these studies describe a novel function for
the SYT-SSX2 fusion protein in the alteration of cellular
architecture and cytoskeletal composition. A complete un-
derstanding of this SYT-SSX2–induced cytoskeletal remod-
eling and the pathways that contribute to it could ultimately
be exploited as a therapeutic tool against synovial sarcoma.
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