
Human synovial sarcoma proto-oncogene Syt is
essential for early embryonic development through the
regulation of cell migration
Taichi Kimura1, Mieko Sakai1, Kouichi Tabu1, Lei Wang1, Ryosuke Tsunematsu2, Masumi Tsuda3, Hirofumi Sawa1,*,
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SYT–SSX protein, resulted from chromosomal translocation, causes synovial sarcoma, which is a malignant tumor
accounting for 10% of soft tissue sarcoma. However, biological functions of SYT (synovial sarcoma translocation), also
known as SS18, are largely unclear, whereas it has been proven that Syt-null mice die at early stages of embryonic
development. Here, we generated Syt-deficient mice and confirmed the reported phenotypes, including growth
retardation, open neural tube and haplo-insufficient lethality, and therefore, there is no doubt that Syt is essential for
embryonic development. However, placental defects, described in the earlier report, were rarely seen in our mice and we
frequently observed cardiac defect in Syt-deficient mice. As the mechanisms responsible for embryonic lethality seem to
be complicate, we performed additional experiments. By using primary cultured embryonic fibroblasts, we showed that
Syt�/� MEFs deregulate actin organization and suppressed cell migration. These observations suggest that Syt may
contribute to the signaling pathway important for various cellular functions in vivo and in vitro, and we propose that
Syt-deficient MEFs would be a powerful means to understand the biological roles of SYT in vitro.
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Human synovial sarcoma is an aggressive tumor that ac-
counts for almost 10% of all soft tissue sarcomas and typi-
cally arises in the para-articular regions in young adults.1,2

Synovial sarcoma possesses a specific chromosomal translo-
cation between chromosomes (chr) 18 and X, forming a
chimeric gene fusing SYT (synovial sarcoma translocation)
on chr 18 to SSX (synovial sarcoma X break point) on chr X.3

The translocation found in synovial sarcoma removes the last
eight amino acids of SYT and fuses it to the C-terminal
portion of the SSX to yield a SYT–SSX fusion protein.3 In
contrast to SSX, which is thought to act as a transcriptional
regulator because of its sequence homology to other tran-

scription repressors, SYT does not share a homologous re-
gion or conserved domain with other human proteins.4

SYT is a ubiquitously expressed nuclear protein containing
two distinct domains. One is the SYT amino N-terminal
homology 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 glutamine, proline, glycine and tyrosine.5 The
QPGY domain was shown to activate the transcription of a
reporter gene when it was fused to a DNA-binding domain.5,6

As SYT lacks a DNA-binding domain, it may function as a
transcriptional co-activator.6 In fact, SYT has been shown to
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bind to hBRM/hSNF2a, a major component of the SWI/SNF-
type chromatin remodeling complex.5,7–9 Moreover, it was
also shown that SYT interacts with the putative transcrip-
tional factor AF10, histone acetyl transferase p300 and a
component of histone deacetylase complex mSin3A.10–12

Thus, it is possible that SYT regulates transcription through
the binding to chromatin modifiers. In spite of these bio-
chemical studies of SYT, the physiological function of SYT
remains largely unknown.

To examine the role of SYT in vivo, we established
Syt-deficient mice by a gene targeting strategy. Syt�/�

homozygous mutant mice died around mid-gestation and
exhibited multiple defects in morphogenesis. These results
support the essential gene dosage-sensitive role of Syt in
embryogenesis. Subsequently, to examine cellular basis of
these phenotypes, we established MEFs from wild-type and
Syt�/� at E9.75. We found that the absence of Syt affects cell
migration. These results suggest that SYT plays an important
role in cellular motility through the regulation of cytoskeletal
organization.

MATERIALS AND METHODS
Generation of Syt Knockout Mice
A targeting vector, designed to delete exons 1 and 2 of the Syt
gene, was constructed using a PKG-lox-Neo-poly(A) cassette
as described earlier.13 Briefly, the targeted embryonic stem
cell clone was microinjected into host blastocysts, and the
resulting chimeric mice were C57BL/6 mice to achieve
germ-line transmission of the Sytmutation. The mice used in
this study were of mixed genetic background (129/Sv and
C57BL/6).

Genotyping of Mice
Genomic DNA samples (15 mg) isolated from 3-week-old
mice were digested with EcoRV and SpeI and analyzed by
Southern blotting. A probe for Southern blotting was gen-
erated by genomic PCR. Primer sequences used in this ex-
periment included 50-TTACAGAGGATTGGGAAAGG-30 and
50-CTGGTATTTCGCTAAGGAAG-30. Routine genotyping of
mice was performed by PCR using three primers: F 50-GAG
TCC TGC CTG GGA TGA GAA C-30, R 50-CGA TAG AAG
ATG AAG ACT CTG GCC -30 and PJL 50-TGC TAA AGC
GCA TGC TCC AGA CTG T-30, which resulted in 453-bp
(F/R) and 370-bp (F/PJL) products from wild-type and tar-
geted alleles, respectively.

Histopathological and Immunohistochemical Analysis
Embryos were fixed with 4% paraformaldehyde in phos-
phate-buffered saline and embedded in paraffin. Four-mm
tissue sections were deparaffinized with xylene and rehy-
drated through a graded ethanol series and subjected to he-
matoxylin and eosin stain. Histopathological examination
was performed by trained histopathologists. For immuno-
histochemical analysis, antigens were retrieved in citrate
buffer (pH 6.0) by using a pressure cooker. Then, sections

were incubated with 0.3% H2O2 in methanol to quench
endogenous peroxidase activity and then treated with normal
rabbit or goat serum to eliminate nonspecific binding of the
antibodies. After treatment, sections were incubated with
primary antibodies for PCNA (M879; DakoCytomation, CA,
USA), hBRM (a gift from Yasunori Machida in Nagoya
University, Japan), BRG1 (a gift from Yasunori Machida in
Nagoya University, Japan) and mSYT (generated in our lab)
at 41C overnight. After incubation with the biotinylated
secondary antibody, immunoreaction products were
visualized with enzymatic reaction of peroxidase, with 3, 30-
diaminobenzidine tetrahydrochloride (DAB) as a substrate.

Terminal Deoxynucleotidyltransferase-Mediated dUTP-
Biotin Nick End Labeling Assay
Paraffin-embedded tissue sections were deparaffinized and
washed with 0.1M phosphate buffer for a few minutes, and
permeabilized for 20min at room temperature (RT) with
proteinase K (20 mg/ml in 0.1M phosphate buffer) and
bleached with 2% H2O2 for 7min at RT. Thereafter, the
samples were washed with terminal deoxynucleotidyl trans-
ferase (TdT) buffer composed of 30mM Tris-HCl (pH 7.2),
140mM sodium cacodylate and 1mM cobalt chloride, and
incubated for 90min at RT with TdT reaction mixture con-
taining TdT and biotinylated dUTP in TdT buffer. Labeled
DNA was visualized with enzymatic reaction of peroxidase
and DAB.

Electron Microscopic Analysis
Embryos were fixed with 2.5% glutaraldehyde (TAAB; La-
boratory Equipment, Aldermaston, UK) in 0.1M phosphate
buffer at 41C for 40 h, and then washed with 7% sucrose in
0.1M phosphate buffer. Thereafter, the samples were fixed
with 1% OsO4 (Next Chimica, South Africa) in 0.1M
phosphate buffer at RT for 90min and gradually dehydrated
with 50, 70 and 95% acetone in ethanol for 15min each; 95%
acetone for 15min; and 100% acetone three times for 20min
each. Afterward, the samples were treated with epon solution
containing 60% solution A (a mixture of 62ml of epon 812
(TAAB) and 100ml of dodecenyl succinic anhydride) and
40% solution B (a mixture of 100ml of epon 812 and 89ml
of methyl nadic anhydride). The samples were treated with
epon/acetone (1:1) overnight, epon/acetone (3:1) for 1 h and
epon solution for 1 h, and embedded in epon with 1.5% 2, 4,
6-tri(dimethylaminomethyl)phenol in a capsule (Nissin EM,
Tokyo, Japan). The embedded samples were sectioned on an
ultramicrotome at 0.1-mm thickness, put onto a grid (TAAB)
and treated with 1.5% uranyl acetate (Merk, Darmstadt,
Germany) for 20min and 0.2% lead citrate (Kishida
Chemistry, Tokyo, Japan) for 15min. Finally, the samples
were observed with an electron microscope (Hitachi 7100,
Tokyo, Japan).
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Immunoblot Analysis
Immunoblotting was performed according to a standard
protocol described elsewhere.14 Briefly, embryos were lysed
with lysis buffer composed of 50mM Tris-HCl (pH 7.6),
150mM NaCl, 0.5% Triton X-100, 1mM PMSF and 1mM
Na3VO4, and clarified by microcentrifugation at 12 000 g for
10min at 41C. Supernatants containing 20 mg of proteins
were subjected to SDS-PAGE, and separated proteins were
transferred to PVDF filters. The filters were blocked with 5%
skim milk and incubated with primary antibodies for hBRM,
BRG1, p300 (N-15; Santa Cruz Biotechnology, CA, USA),
mSYT and a-tubulin (B-5-1-2; Sigma, MI, USA). Antibody
binding was visualized by chemiluminescence (ELC;
Amersham Pharmacia Biotech, NJ, USA).

RNA Extraction, Labeling and Hybridization
For microarray analysis, RNA was isolated from embryos or
MEFs using the RNeasy mini kit (Qiagen, CA, USA). For
microarray studies, labeling and hybridization were per-
formed according to Affymetrix standard protocols. Labeled
cRNA was hybridized onto the Affymetrix GeneChip Mouse
Genome 430A 2.0 array (Affymetrix, CA, USA), which con-
tains 22 691 probes. Microarray slides were scanned using the
Affymetrix GCS 2500 scanner to collect fluorescence signal.

Preparation of MEFs and Cell Cultures
Primary MEFs were obtained from 9.75 d.p.c. embryos that
were either wild-type or Syt�/� using established proce-
dure.15 Cells were cultured at 371C (6% CO2) in MEF
medium (Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum supplemented with 2mM L-gluta-
mine, 0.1mM sodium pyruvate, 0.1mM MEM nonessential
amino-acid solution, 100U/ml penicillin G, 100 mg/ml
streptomycin and 50 mM 2-mercaptoethanol).

Immunocytofluorescence and Confocal Microscopy
Wild-type and Syt�/� MEFs were grown on Lab-Tek chamber
slides (Nalge Nunc, NY, USA) in MEF medium, were fixed
with 3% paraformaldehyde in PBS for 15min, permeabilized
with 0.5% Triton X-100 in PBS for 5min and incubated with
1% bovine serum albumin in PBS for 20min at RT. They
were then incubated overnight at 41C with mouse mono-
clonal antibodies specific for paxillin (1:2000; BD Trans-
duction Laboratories, CA, USA), then for 1 h at RT with
Alexa Fluor 488-conjugated secondary antibodies (Molecular
Probes, OR, USA) and finally for 30min at RT with Alexa
Fluor 594-conjugated phalloidin (Molecular Probes). The
cells were then examined with a confocal laser-scanning
microscope equipped with a computer (MRC-1024; Bio-Rad
Microscience, CA, USA).

Wound Closure Assay
The wound closure assay was performed as described.16

Wild-type and Syt�/� MEFs were grown in MEF medium for
48 h. The confluent cells were wounded by scratching the

monolayer with a pipette tip, washed twice with PBS, allowed
to migrate in MEF medium for the indicated times and
photographed. The assay was performed in triplicate.

Semi-Quantitative Reverse Transcription PCR Analysis
Total RNA was isolated from wild-type and Syt�/� MEFs
using RNeasy mini kit (Qiagen) according to the manu-
facturer’s instruction. Reverse transcription was carried out
with Superscript II RT (Invitrogen, CA, USA) according to
the manufacturer’s instruction. One hundred nanograms of
the resulting first-strand cDNA was used as template and
amplified by PCR using KOD-Plus DNA polymerase (Toyo-
bo, Osaka, Japan). Sequences of the oligonucleotide primer
sets used for reverse transcription PCR (RT-PCR) analysis are
as follows: CD44: forward 50-GCA CCC CAG AAG GCTACA
TTT-30, reverse 50-TCT GCC CAC ACC TTC TCC TAC TAT-
30; FoxG1: forward 50-CAG CAC TTT GAG TTA CAA CG-30,
reverse 50-TGG TCT GCG AAG TCA TTG AC-30; HMGA2:
forward 50-AAC CTT ACT GGG TCG GCA TC-30, reverse 50-
GGT GAG GTT TGA GCT CCT TC-30; IGFR2: forward 50-
CAG GTA GCG AAA AGT GGT AAG T-30, reverse 50-GCC
TGG TCT GTT TCT GTG ATT G-30; Neuropilin: forward
50-GAA TGT TGG GCA TGG TGT CT-30; reverse 50-CTT
AGCCTTGCGCTTGCT-30; Neurotrophin3: forward 50-AAA
ACC GGTAAC TCT CCT GTG-30, reverse 50-CTA CGA GTT
TGT TGT TTT CTG-30, PDGFRB: forward 50-AGG TCATTG
AGT CTG TGA GC-30, reverse 50-ATC GGC AGT ATT CCG
TGA TG-30; Pleiotrophin: forward 50-ACT GGC GCC GAG
TGC AAACAG-30, reverse 50-GAG CTT GCC ACA GGG CTT
GGA-30; RGEF4: forward 50-GCC TAT TCG TGG CTC
TG-30, reverse 50-CAGACCTCAGTGACAACC-30; RUNX2:
forward 50-CTC TGG CCT TCC TCT CTC AGT AA-30,
reverse 50-TAG GTA AAG GTG GCT GGG TAG TG-30; SDF1:
forward 50-ACT TTC CCT CTC GGT CCA C-30, reverse
50-TTG TTT AAA GCT TTC TCC AGG TA-30; TCF-4:
forward 50-GGG GCT CATACT CAT CTT-30, reverse 50-GCC
TGT CCT CCA TTT CTA-30; GAPDH: forward 50-GTC GTG
GAG TCTACT GGT GTC-30, reverse 50-GAG CCC TTC CAC
AAT GCC AAA-30.

RESULTS
Generation of Syt-Deficient Mice
A targeting vector containing a Neo cassette was used to
replace the 5.2-kb genomic sequence of Syt gene including
exon 1and exon 2 through homologous recombination
(Figure 1a). Southern blot analysis using tail DNA from
3-week-old mice confirmed that Syt þ /� mouse carried tar-
geted allele (Figure 1b). Targeting of the Syt gene was also
confirmed by immunohistochemistry and immunoblotting
using E10.5 mouse embryos (Figure 1c and d). Heterozygous
embryos seemed to express less amount of Syt protein than
wild-type embryos (Figure 1d).

To date, none of the Syt�/� homozygous mutant has been
detected among the 202 newborns from heterozygote crosses.
Sytþ /� heterozygous offspring appeared to be normal and
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fertile. The rate of Sytþ /� heterozygous mutants among
newborns was 38% lower than that expected by Mendelian
inheritance (Table 1). As no neonatal lethality was observed,
a certain population of Sytþ /� heterozygous embryos must
have died very early in utero.

Histopathological Examination of Syt-Deficient Mice
To determine the time point at which the Syt�/� mutant
embryos become lethal, we examined embryos from Sytþ /�

intercrosses at various developmental stages. Most of Syt�/�

homozygous embryos were alive at E9.5. At E10.5, approxi-

Figure 1 Targeting disruption of the Syt locus and the establishment of a mutant mouse strain. (a) Schematic representation of the wild-type allele,

targeting vector and targeted allele. The open boxes on the alleles represent the exons. A Neo cassette replaced exons 1 and 2 of the Syt gene. The

expected sizes of the EcoRV (E5) and SpeI (S1) digestion products of the gene, hybridized with the indicated probe, are shown. (b) Genomic DNA isolated

from 3-week-old mice was digested with EcoRV and SpeI, and analyzed by Southern blotting with the probe shown in (a). (c) Wild-type (left) and

homozygous (right) E10.5 embryos were subjected to immunohistochemistry using an anti-mSYT antibody. (d) Protein extracts (30 mg) from wild-type (lanes

1–4), heterozygous (lanes 5–8) and homozygous E10.5 embryos (lanes 9–12) were analyzed by immunoblotting using an anti-mSYT antibody.
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mately 50% of Syt�/� embryos were already dead as judged
by heartbeats or the signs of re-absorption, and no Syt�/�

homozygous mutants could be retrieved after E11.5
(Table 1). The Syt�/� embryos dissected at E9.75 were de-
velopmentally retarded in size (Figure 2a and b). The most
severely affected but still viable mutant embryos usually
displayed little or no signs of embryonic turning and
exhibited only 10–14 somites (Figure 2c). We determined
that the developmental arrest of Syt�/� embryos began at
E8.5–E9.0, because generally, embryonic turning starts at
E8.5 (8 somites) and is completed around E9.0 (16 somites).

Morphologically, all Syt�/� embryos could be dis-
tinguished from their wild-type littermates as early as E9.5 by
their severe open neural tube as the neural tube begins to
close at E8.5 and is completed by E9.0. These also suggest that
developmental arrest of Syt�/� embryos was caused at E8.5–
E9.0. In addition, various degrees of exencephaly were ob-
served in Syt�/� embryos. Typically, the neural tube failed to
fuse at the hindbrain and forebrain (Figure 2b and c). In the
most severely affected mutants (data not shown), it remained
completely open. Histological examination of E10.5 embryos
revealed the exencephaly was caused by failure of neural tube
closure (compare Figure 2d and e). The heterogeneity in the
severity of Syt mutants indicates a partial penetration of the
phenotypes possibly due to the genetic modifiers.

To identify the downregulated genes that are related to the
phenotypes of Syt�/� mutants, we performed Gene Chip
analysis using wild-type and Syt�/� embryos at E9.75.
Many genes related to embryonic growth or neuronal
development were downregulated in Syt�/� mutants
(Supplementary Table 1).

As neural tube defects generally do not cause early em-
bryonic lethality, we examined other developmental ab-
normalities in Syt�/� mutant embryos. While this study was
in progress, another group reported the establishment of Syt-
deficient mice,17 exhibiting embryonic lethality between E8.5

and E9.5 either through an incomplete chorio-allantoic
fusion or through a defect in the subsequent process of
vascular branching morphogenesis.17

In contrast to the above-mentioned Syt�/� mice, almost all
of our Syt�/� mutant embryos displayed normal chorio-
allantoic fusion and exhibited normal labyrinth formation
consisting of placental and embryonic vasculature at E9.75
(Figure 2f–k), even though their developmental stages were
somewhat retarded. Thus, the embryonic lethality may not be
due to the placental defect in our Syt�/� mutant embryos.

As placental defects did not provoke early embryonic
lethality, at least before E9.5, we extensively examined other
developmental abnormalities in our Syt�/� mutant embryos.
At E9.5–E10.5, a number of Syt�/� mutants showed an en-
larged cardiac cavity. Furthermore, Syt�/� mutants displayed
severe pericardial effusions (Figure 2c), one of the clear signs
of cardiac dysfunction. Cardiac ventricular movements ap-
peared to be weaker and less expansive in mutants compared
with that in wild-type embryos. Although no overt pattern-
ing defect was observed, the ventricular chambers of mutant
embryos exhibited significantly thin wall and retarded
maturation of trabeculation (Figures 2l–o, 4a and b).

Immunohistochemical Analysis of Syt-Deficient Mice
As the cardiac defect was found in Syt�/� embryos, we
examined Gene Chip data of whole embryos focusing on
cardiogenesis-specific genes. However, an obvious down-
regulation of cardiogenesis-specific genes was not observed in
Syt�/� mutants (Supplementary Table 2).

Therefore, for better understanding the basis for the car-
diac abnormality in the Syt�/� mutants, we analyzed whether
cardiomyocytes undergo apoptosis by terminal deox-
ynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling assay. In both wild-type and Syt�/� embryos, no
significant induction of apoptosis was observed in various
tissues (Figure 3a–d). Cell growth rates were also analyzed by
immunostaining using antibodies for proliferation marker
proteins, such as Ki-67 antigen and PCNA. The labeling in-
dices of Ki-67 in the neural tube of wild-type embryos were
higher than those in Syt�/� embryos at E10.5 (Figure 3e–h).
In addition, immunostaining for PCNA showed that the
growth rates of cardiomyocytes in Syt�/� embryos were
much lower than those in wild-type embryos (Figure 3i–l).
These results suggest that decreased cell growth may con-
tribute to the impaired formation of cardiac ventricle in
Syt�/� embryos.

Ultrastructural Analysis of the Heart in Syt�/� Embryos
For further analysis, we employed electron microscopy. First,
we carefully prepared specimens from comparable areas of
the ventricular free wall in both wild-type and Syt�/� em-
bryos (Figure 4a and b). After, we confirmed the abnormality
of the ventricular walls by toluidine blue staining, then the
corresponding areas were subjected to electron microscopy.
In cardiomyocytes of Syt�/� embryos at E10.5, the numbers

Table 1 Genotype of embryos from Syt heterozygous inter-
crosses

Embryonic Numbers of analyzed mice

day +/+ +/� �/� (abnormala) Total

E7.5 8 4 5 (0) 17

E8.5 6 8 5 (0) 27

E9.5 202 411 190 (30) 803

E10.5 118 229 105 (51) 452

E11.5 25 60 21 (17) 106

E13.5 12 16 1 (1) 29

New born 90 112 0 (0) 202

a
The number of embryos with a macroscopic abnormality is indicated in
parentheses.
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of perinuclear myofibrils and also of myofibrillar bundles
were decreased (Figure 4c and d). Sarcomeric structure
showed no significant difference between wild-type and Syt�/�

mutant embryos (Figure 4e and f). Thus, cardiac develop-
ment was perturbed in Syt�/� embryos, and this may be
responsible for embryonic lethality.

Downregulation of p300 Expression in Syt-Deficient
Mice
All Syt�/� homozygous mutants displayed lethality by E11.5,
and among published gene knockout mice, especially those
targeting chromatin modifiers, the phenotypes of Syt�/�

mutants closely resembled those of p300-deficient mice.18

Figure 2 Morphological analyses of Syt homozygous mutant embryos. (a–c) Representative stereoscopical appearance of embryos at E9.75 Sytþ /þ (a)

and Syt�/� (b and c). Double-headed arrow in panel b indicates open neural tube. Arrowheads in panel c indicate pericardial edema and arrow in panel c

indicates allantois. (d–o) Microscopic analysis by H&E stain. Sagittal section of Sytþ /þ (d) and Syt�/� (e) embryos at E10.5. Double-headed arrow in panel e

indicates open neural tube. (f–k) Histopathology of Sytþ /þ (f and i) and Syt�/� (g, h, j and k) developing placenta at E9.75 (i, j and k, higher magnification

of f, g and h, respectively). Double-headed arrows and CP in panels f–h indicate chorionic plate. Arrows in panels i–k indicate embryonic blood vessels, and

arrowheads in panels i–k indicate maternal blood vessels, respectively. (l–o) Histopathology of Sytþ /þ (l and m) and Syt�/� (n and o) embryonic heart at

E10.5 (m, transverse section and o, higher magnification of l and n, respectively).

Figure 3 Immunohistochemical analysis for apoptosis and cell growth. (a–d) TUNEL staining; (e–h) immunostain for Ki-67 and (i–l) PCNA. Sytþ /þ (a, b, e, f,

i and j) and Sytþ /� (c, d, g, h, k and l) are indicated. Magnification � 20 (a, c, e, g, i and k) and � 400 (b, d, f, h, j and l).
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We, therefore, analyzed the expression levels of Syt-interact-
ing proteins in Syt�/� embryos, focusing in particular on
p300. We performed immunoblot analysis by using lysate of
whole embryos of four individual lines of stage-matched
Sytþ /þ , Sytþ /� and Syt�/� mutants, and found that the
expression levels of p300 were significantly decreased in

Syt�/� homozygous mutants (Figure 5). In contrast, the ex-
pression levels of BRG1 and hBRM, which are components of
SWI/SNF-type chromatin remodeling factors, were not sig-
nificantly altered between the wild-type and Syt mutant
embryos at E10.5 (Figure 5). These results suggest that Syt
may regulate the expression level of p300, and the phenotype
of the Syt�/� mutants may reflect at least in part the
downregulation of p300.

Phenotypes of Syt-Deficient Mouse Embryonic
Fibroblasts
To analyse the function of Syt in the cellular level, we estab-
lished mouse embryonic fibroblasts from wild-type and Syt�/�

embryos at E9.75. Interestingly, Syt�/� MEFs were morpho-
logically different from wild-type MEFs (Figure 6a). Wild-type
MEFs showed spindle shape, but in contrast, small rounded
cells were dominant in Syt�/� MEFs (Figure 6a, left and right
panels). In addition, in confluent culture, Syt�/� MEFs showed
sheet cobble stone-like appearance (Figure 6a, center panel).

We next assessed whether Syt affects the formation of actin
stress fibers and the localization of paxillin (a major constituent
of focal adhesions) by confocal microscopy. Wild-type MEFs
exhibited actin stress fiber formation and membrane ruffling;
thus cell direction was readily recognized by leading edge
(Figure 6b, upper left panel). In addition, localization of pax-
illin was diffusely observed in the cytoplasm dominantly seen at
the ruffling side (Figure 6b, upper center panel).

In contrast, in small round cells, the dominant population in
Syt�/� MEFs does not exhibit fine actin fibers but has a dense
actin bundle below the plasma membrane (Figure 6b, lower
center panel). Paxillin was localized only at the edge of the
plasma membrane (Figure 6b, left panel), and we could not
recognize directional morphology because of the loss of leading
edge. For cell motility assessed by wound closure assay, after
17 h, wild-type MEFs covered most of the wounded area, but
Syt�/� MEFs achieved only 35% (Figure 6c). Thus, Syt plays an
important role in the motility of MEFs.

Expression of SYT-Interacting Proteins and
Downregulated Gene Expression Profile in Syt�/� MEFs
To examine the molecular mechanisms of these phenotypes,
we analyzed expression levels of Syt-interacting proteins in

Figure 4 Ultrastructural analysis of embryonic hearts by transmission

electron microscopy. (a and b) Toluidine blue stain for horizontal section of

Sytþ /þ (a) and Syt�/� (b) embryos at E10.5. Squares indicate the areas

subjected to EM analysis. (c–f) EM analysis of Sytþ /þ (a, c and e) and

Syt�/� (b, d and f) mutants with magnification � 5000 (c and d) and

� 100 000 (e and f). Arrowheads in (c) and (d) indicate myofibrils. Nu, nuclei.

Figure 5 Immunoblot analysis of SYT-interacting proteins in Syt �/�

embryos. Protein extracts (30 mg) from wild-type (lanes 1–4), heterozygous

(lanes 5–8) and homozygous E10.5 embryos (lanes 9–12) were analyzed by

immunoblotting using antibodies for p300, BRG1 and BRM.
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Syt�/� MEFs, especially focusing on participation of p300 in
these phenotypes. We performed immunoblot analysis by
using lysate from MEFs of the three individual lines (no. 237,
no. 239 and no. 244) established from E9.75 embryos.

Unexpectedly, unlike the result of the whole embryos, the
expression level of p300 did not decrease in Syt �/� MEFs but
showed various levels between wild-type and Syt�/� MEFs
(Figure 7a). In addition, the expression levels of the other

Figure 6 Phenotypical analysis of mouse embryonic fibroblasts established from Syt�/� embryos at E9.75. (a) Morphology of wild-type MEFs (right panel)

and Syt�/� MEFs (center and left panels) in bright field. Scale bars, 50 mm. (b) Representative micrographs of immunocytofluorescence microscopy.

Filamentous actin was visualized by phalloidin (right panels) and focal adhesions were visualized by anti-paxillin (center panels) in wild-type (upper panels)

and Syt�/� (lower panels) MEFs, respectively. Scale bars, 10 mm. (c) Effect of Syt deficiency on motility inhibition. Representative micrographs at the indicated

times after wounding. (d) Quantitative data from three independent experiments; columns, means, bars, s.d. (Student’s t-test).
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Syt-interacting proteins were not significantly altered be-
tween wild-type and Syt�/� MEFs (Figure 7a). These data
suggest that the expression level of p300 is not essential for
the phenotypes of MEFs, at least, in vitro.

To identify the downregulated genes that are related
to the phenotypes of Syt�/� MEFs, we performed Gene
Chip analysis using wild-type and Syt�/� MEFs established
from embryos at E9.75. Of a total of 22 691 genes analyzed,
the expression of 2251 genes (5.41%) was significantly
decreased by a factor of 43.0 in Syt�/� MEFs compared
with wild-type MEFs (Table 2). Structural proteins, such as
actin or myosin, matrix proteins, such as collagen, adhesion
molecules, such as integrin or cadherin, cell surface
receptors, such as CD44 or EphA7, and/or signal transducer,
such as RGEF4, were downregulated in Syt�/� MEFs. To
confirm these observations, we performed semi-quantitative
RT-PCR expression analyses of these putative Syt target
genes in other three independent sets of MEFs established

from embryos at E9.75, and the microarray results for
all 13 genes downregulated in all Syt�/� MEFs were tested
(Figure 7b).

Table 2 Selected genes whose expression levels are down-
regulated in Syt�/� MEFs established from E9.75 embryos
compared with wild-type as revealed by Gene Chip analysis

Accession no. Gene product Fold
changea

Structural matrix

NM_009610 Actin, g-2, smooth muscle, enteric �23.82

NM_013607 Myosin heavy polypeptide 11, smooth muscle �20.66

NM_009925 Procollagen, type X, a-1 �15.77

NM_007733 Procollagen, type XIX, a-1 �13.96

M12233 Actin, a-1, skeletal muscle �10.94

NM_007729 Procollagen, type XI, a-1 �9.18

AW412729 Procollagen, type XII, a-1 �6.74

AV246911 Procollagen, type V, a-1 �3.34

Transcription factor

NM_008241 Forkhead box G1 �36.50

NM_010791 Mesenchyme homeobox 1 �22.62

NM_010441 High-mobility group AT-hook 2 (Hmga2) �11.67

U16321 Transcription factor 4 �6.14

D14636 Runt-related transcription factor 2 (Runx2) �3.23

Signal transduction

NM_008742 Neurotrophin 3 �72.10

NM_008809 Platelet-derived growth factor receptor,

b-polypeptide

�54.42

NM_015814 Dickkopf homolog 3 (Dkk3) �29.39

BB623587 Integrin a-8 �27.47

AB021132 Rap guanine nucleotide exchange factor 4 �23.73

NM_008973 Pleiotrophin �15.29

BB075797 Eph receptor A7 �12.68

NM_008737 Neuropilin �6.41

BG066982 Natriuretic peptide receptor 3 (Npr3) �4.93

NM_007631 Cyclin D1 �4.61

NM_130448 Protocadherin 18 �4.41

U04710 Insulin-like growth factor 2 receptor (Igf2r) �4.01

BC005676 CD44 �3.80

U37029 Integrin b-1D �3.71

NM_021704 Stromal cell-derived factor 1 �3.20

NM_011519 Syndecan 1 �3.00

a
Genes are grouped according to the function of the encoded protein.
‘�’ indicates the genes whose expression was downregulated in Syt�/� MEFs
compared with that in wild-type MEFs.

Figure 7 Expression of SYT-interacting proteins and downregulated gene

expression in Syt �/� MEFs. (a) Immunoblot analysis of SYT-interacting

proteins in Syt �/� MEFs. Three independent lines (no. 237, no. 239 and no.

244 indicate maternal mouse number) of MEFs established from E10.5

embryos of wild-type and Syt�/� were subjected to immunoblot analysis

for p300, BRG1, hBRM, SYT and actin and are indicated at the right. Thirty

micrograms of proteins were loaded in each lane. (b) Semi-quantitative RT-

PCR analysis of gene expression downregulated in Syt�/� MEFs compared

with wild type. Representative data of three independent experiments is

shown.
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DISCUSSION
To understand the biological role of Syt in vivo, we generated
Syt-deficient mice and found that Syt deficiency exhibited
embryonic lethality, open neural tube and cardiac dysfunc-
tion. Syt�/� mutant embryos showed that the defect of
ventricular trabeculation and the phenotypes closely
resemble those of p300-deficient mice. In fact, the expression
levels of p300 were markedly decreased in Syt-deficient mice.
Moreover, we isolated Syt�/� MEFs to elucidate the cellular
basis of abnormalities in Syt-deficient embryos and showed
that Syt participates in the regulation of actin fiber and cell
motility.

While this work was in progress, another group reported
the establishment of Syt-deficient mice, and they reported
that Syt deficiency was lethal either through incomplete
chorio-allantoic fusion or through a defect in the subsequent
process of vascular branching morphogenesis.17 Surprisingly,
placental defect was rarely seen in our Syt�/� mutant em-
bryos. The reason for this discrepancy is not clear, but may be
due to differences in targeting strategies or in the genetic
background of mice because of using different ES cells.

Syt was found to be essential for early embryogenesis and
does not share functional redundancy with other proteins at
least in the embryonic stage. In addition, Sytþ /� hetero-
zygous mutants showed haplo-insufficient lethality, which is
a relatively rare phenotype in gene-disrupted mice. To our
knowledge, haplo-insufficient lethality has been observed for
p300, Dll4, Vezf1 and ROCK1.19–21 During embryogenesis,
the dosage of Syt may be critical for survival in a certain
period in utero because newborn Sytþ /� mutants lack overt
defects. Once such Sytþ /� embryos have completed gesta-
tion, the reduced Syt dosage does not seem to influence the
growth of the newborns.

Normal placental development is initiated by the fusion of
the chorionic and allantoic membranes (chorio-allantoic
fusion) at E8.5 (8 somites),22–24 thereby forming the chor-
ionic plate, which is composed of trophoblasts. Through a
subsequent process of vascular branching, fetal and maternal
blood vessels enter this layer at E9.0, including the develop-
ment of the placental labyrinth layer, which is made up of
syncytiotrophoblasts, and at E10.0, the placenta becomes
fully functional. The mutant mice in which the placenta is the
only defective organ generally die no sooner than E9.5. In our
mutant mice, the major defect begins before E8.5 at least,
prior to the usual time of placental lethality. These data
suggest that the main reason for our Syt�/� mutant’s lethality
was not likely to be the placental defect.

Although, morphologically, Syt�/� embryo displayed
cardiac abnormalities, the expression levels of genes being
essential for cardiac development, including GATA4, MEF2C,
Nkx2.5 and so on,25 were not decreased in Syt�/� embryos.
As the proportion of cardiogenesis-specific transcription
factor transcripts is very small compared with total embryo
mRNA, the difference between wild-type and mutant em-
bryos may not be detectable by this approach.

Interestingly, these embryonic neural and cardiac pheno-
types of Syt�/� embryos closely resemble those of p300-de-
ficient mice.18 On the basis of our data showing that protein
levels of p300 were decreased in Syt�/� embryos, Syt may
regulate cardiac ventricular maturation through the control
of p300 expression.

It was also reported that the SWI/SNF type of chromatin
remodeling complex, such as BAF60c and BAF180, has been
shown to be required for cardiogenesis.26,27 In fact, we have
found that Syt binds to the complete BAF complex by
MALDI-TOF mass spectrometry (T Kimura, unpublished
data). Thus, in the absence of Syt, the deregulation of BRG1
together with p300 possibly underlies the defects in the
proteins closely related to myofibril formation.

Syt-deficient cells with actin fiber deregulation and sup-
pressed motility might explain the developmental problem.
One possible mechanism is that complex formation of SYT
and p300, and not only the amount of p300, may regulate cell
motility. It was reported that SYT/p300 complex promotes
cell adhesion by regulating b1 integrin/fibronectin receptor
function.11 In fact, our Gene Chip analysis showed that in-
tegrin b1D and integrin a8, which form heterodimeric
transmembrane receptor for fibronectin,28 were down-
regulated in Syt�/� MEFs. Thus, p300/SYT complex possibly
regulates cell motility through the b1 integrin and/or a8
integrin.

Alternatively, Syt regulated cell migration through the
transcriptional regulation of Rap guanine nucleotide
exchange factor 4 (now designated as Epac2), which is one
of the decreased genes in Syt�/� MEFs. Epac2 was initially
characterized as a cAMP-activated GEF for Rap1 and
Rap2,29,30 and as a novel sensor for several pivotal cellular
processes, including cell polarization, integrin-mediated
cell adhesion, cell migration and cytoskeletal rearrangements
through the regulation of Rap, Rho, Ras and Rac.31–34

As such, we think the possibility that Syt regulates Ras and
Rho superfamily through the transcriptional regulation of
Epac2.

In this study, we discovered new phenotypes of Syt, such as
poor ventricular trabeculation and downregulation of p300
protein in Syt�/� whole embryos. In addition, by the estab-
lishment of Syt�/� MEFs, we uncovered that Syt plays an
important role in the regulation of cell motility. Thus, Syt�/�

MEFs must be one of the useful materials to analyze Syt
functions in detail. In future, we will study the association
between Syt and malignant human cancer such as synovial
sarcoma.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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