Isolation of a novel mouse gene, mSVS-1/SUSD2,
reversing tumorigenic phenotypes of cancer cells

in vitro
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We report isolation of a novel tumor-reversing gene, tentatively
named SVS-1, encoding a protein of 820 amino acids with localization
on the plasma membrane as a type | transmembrane protein. The
gene was found among those downregulated in the activated
oncogene-v-K-ras-transformed NIH3T3 cells, Ki3T3, with tumorigenic
phenotype. SVS-1 protein harbors several functional domains
inherent to adhesion molecules. Histochemical staining of mouse
tissues using antibody raised against the protein showed the
expression of the protein in restricted regions and cells, for example,
strongly positive in apical membranes of epithelial cells in renal
tubules and bronchial tubes. The protein inducibly expressed in
human fibrosarcoma HT1080 cells and cervical carcinoma Hela cells
was found to be localized primarily on the plasma membrane, as
stained with antibodies against FLAG tag in the N-terminus and
against the C-terminal peptide of the protein. Expression of the
protein in cells induced a variety of biological effects on cancer cells:
detachment from the substratum and aggregation of cells and
growth inhibition in Hela cells, but no inhibition in non-tumorigenic
mouse NIH3T3 cells. Inhibition of clonogenicity, anchorage-independent
growth, migration and invasion through Matrigel was also observed.
Taken together these results suggest that the SVS-1 gene is a
possible tumor-reversing gene. (Cancer Sci 2007; 98: 900-908)

Loss of tumor suppressor gene function was frequently observed
in several cancer tissues, cell lines established therefrom,"
and transformed cells with oncogenes such as src and ras.*?

Multiple cell adhesion molecules such as cadherins,® tet-
raspanins like KAI1,” TSLC1,® have been identified to partic-
ipate in intercellular and cell-extracellular matrix interactions
in epithelial cells, which is essential in all aspects of growth
migration and differentiation of cells in vertebrates.”

Cancer progression is a multistep process in which some
adhesion molecules play a pivotal role in the development of
recurrent, invasive, and distant metastasis. KAI1 (CD82) belongs
to the transmembrane 4 superfamily in which members possess
inhibitory effects on tumor cell motility, adhesion, and metastasis.®
TSLC1/IGF4 is a single membrane-spanning glycoprotein belong-
ing to the family of immunoglobulin superfamily cell adhesion
molecules,® and its expression is reported to be abrogated or
markedly reduced in a number of diverse human cancers,
including lung, prostate, pancreatic, gastric, and breast can-
cers. 119 Re-expression of TSLC1 in NSLC cells or in pros-
tate cancer cells suppressed tumorigenicity in nude mice.®
Recently, TSLL2/IGF4C, an immunoglobulin superfamily
molecule homologous to TSLC1/IGF4, was reported to be
lost in prostate cancer and in a prostate cancer cell line, PPC-1.
Introduction of TSLL2 into PPC-1 strongly suppressed subcuta-
neous tumor formation in nude mice but growth in in vitro culture
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was not affected.!¥ The drs gene was isolated as a tumor sup-
pressor gene against transformation by v-src.*!> The drs protein
has one transmembrane domain and three consensus repeats,
sushi motif, conserved in extracellular domains in a number of
adhesion-related and plasma proteins. It was further reported
that introduction of drs cDNA by retroviral vector into cancer
cell lines suppressed anchorage-independent growth without dis-
turbing cell proliferation in liquid medium."® Recently, it was
reported that drs induced apoptosis where caspases 3 and 12 are
activated without releasing cytochrome ¢ from mitochondria.!”

Overexpression of tumor suppressor genes in cancer cells fre-
quently leads to apoptosis and inhibition of tumor growth.!7-29
To elucidate the biological role and molecular mechanism of
action of SVS-1 in tumor cells, SVS-1 was overexpressed by a
recombinant adenoviral vector-mediated gene transfer in human
fibrosarcoma cells, HT1080, and uterine cervix cancer cells,
HeLa, using the TSTA system developed by Wu et al.*" We found
that SVS-1 protein expressed in cells is located on plasma membrane
and that the protein was specifically processed and N-glycosylated.
The overexpression of SVS-1 protein induced detachment of cells
from substratum in both HT1080 and HeLa cells. Overexpression
of SVS-1 protein in tumor cells reduced or abrogated some of
the tumorigenic phenotypes including anchorage-independent
growth, migratory and invasive activity of the cells.

Materials and Methods

Cell culture. Mouse fibroblast line, NIH3T3, Ki-3T3, NIH3T3
transformed by activated oncogene v-K-ras with tumorigenic
phenotype, human embryonic kidney 293, human fibrosarcoma
HT1080 and human uterine cervix carcinoma HeLa cells were
cultured in DMEM (Nissui, Tokyo, Japan) containing 250 pg/mL
kanamycin (Meiji, Tokyo, Japan), 4 mM L-glutamine (Sigma, St
Louis, MI, USA), 0.225% sodium bicarbonate (Sigma), 0.36%
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D-glucose (Sigma), and 10% fetal bovine serum (Japan Bio
Serum, Osaka, Japan) at 37°C in humidified 5% CO,. B16 cells,
melanoma cells transplanted in C57BL/6 mice and 3LL cells,
Lewis Lung cancer cells transplanted in C57BL/6 mice, were
kindly provided by Dr Yasuyuki Onishi of Central Institute of
Experimental Animals, Kawasaki, Japan.

Construction of vectors. The mammalian expression vector for
SVS-1 with N-terminal FLAG tag inserted between signal peptide
and somatomedin B domain and C-terminal V5 tag (pcDNA3-
FSVSV5his) was created by cloning a PCR-amplified fragment
from the isolated mouse clone susd2 (Genebank: AK004703)
into an expression vector pcDNA3.1-V5-His (Invitrogen, Carlsbad,
CA, USA). pPBXG1 + VP1 bearing Gal4/VP16 gene and pG5SE4T-
luc (pG5-luc) bearing five Gal4 binding sites were kindly provided
by Dr Makoto Sato (UCLA, David Geffen School of Medicine,
USA).® Luciferase in pG5-luc was replaced by FLAG- and V5-
His-tagged SVS-1 from pcDNA3-FSVSV5his (pGS5-FSVS1). Gene
fragment containing CMV promoter/G4VP2 from pBXG1 + VP1
was inserted into pShuttle vector (pShuttle-G4VP2).

Recombinant adenoviruses. pShuttle-G4VP2 was transformed
into competent Escherichia coli BJ5183 cells (Stratagene, La Jolla,
CA, USA) harboring the adenoviral backbone plasmid pAdEasy-1.
Thus, a recombinant adenovirus Ad/G4VP2 containing CMV-G4VP2
was generated by homologous recombination in E. coli BJ5183-
AD 1 cells. Ad/G4VP2 was then packaged and amplified in human
embryonic kidney 293 cells. The plaque-forming unit was determined
by median tissue culture infective dose (TCIDs,) assay.®

Establishment of SVS-1 inducible cell lines. NIH3T?3, HT1080 and
HeLa cells were plated on 12-well plates at 4 x 10°/well with
antibiotics-free DMEM 1 day prior to transfection. pG5-luc or
pG5-F-SVS-1 was transfected into the cells using Lipofectamine
2000 (Invitrogen), according to the manufacturer’s protocol. The
cells were transferred to an 100-mm dish, and incubated in growth
medium containing 800 pg/mL G418 (Sigma) for 1 week. Several
clones were obtained from each of the transfected cells and
inducible expression of luciferase or F-SVS-1 was confirmed by
adenoviral transduction of G4VP2

RT-PCR. SVS-1 mRNA level was determined by semiquantitative
RT-PCR. Total RNA was extracted with Trizol reagent (Gibco
BRL, Gaithersburg, MD, USA) according to the manufacturer’s
instruction. Reverse transcription was carried out using total RNA
(1 ug) from normal mouse tissues. The reverse transcription
products were amplified. Primers used for SVS-1 mRNA
amplification were (F) 5-GTGATAGAGGTGCGGTTAGC-3’
and (R) 5-GTTTGAAGTTGGGGTTGTGC-3’. PCR conditions
were as follows: 94°C for 5 min, followed by 27 cycles at 94°C
for 30s, 60°C for 1 min, and 74°C for 2 min, with a final
extension at 74°C for 7 min. Electrophoresis of the RT-PCR
products was performed on 2% agarose gel with a size marker
under standard conditions. Transcript encoding GAPDH were
simultaneously detected in all samples and served as internal
controls using the primers (F) 5’-GCAAATTCAACGGCACAGTC-
3" and (R) 5-GCCTGCTTCACCACCTTCTT-3".

Rabbit polyclonal antibodies. Rabbit polyclonal antibodies for
SVS-1 were obtained by immunizing New Zealand White rabbits
with Nus-tag fused recombinant mouse SVS-1 protein expressed
in E. coli (BL21[DE3]) by pET vector system (Novagen, Darmstadt,
Germany). The antigens were designed in N-terminal and C-terminal
regions on the sequence of SVS-1 protein and named N1 and
C1, respectively, N1 consisted of 203 amino acids from 27th to
229th amino acid following the signal peptide and C1 231 amino
acids starting from 545th to 775th amino acid, including a part
of von Willebrand factor type D and sushi domains, excluding
the transmembrane region. Immunization was performed as
described by Ooumi et al.®” The antibody was affinity-purified
from immune serum by an antigen-immobilized column.

Western blotting. Cells and tissues were harvested and lyzed
with RIPA buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl,
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5 mM EDTA, pH 7.4, 1% Triton X-100 and 0.1% SDS). Western
blotting was performed essentially as described previously,®
using anti-C1, anti-N1, anti-FLAG or anti-V5 anti-bodies followed
by incubation with HRP-conjugated anti-mouse or anti-rabbit
secondary antibodies (Amersham Bioscience, Piscataway, NJ, USA).
Immunoprecipitation. Immunoprecipitation was performed acc-
ording to the procedure recommended by the manufacturer
using protein A/G plus agarose (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). 100-mm dishes of approximately 90%
confluent HeLa cells were transfected with the expression vector
using Lipofectamine 2000 (Invitrogen). At 24 h after transfection,
cells were lyzed with RIPA buffer containing protease inhibitor
cocktail (Sigma). 500 pg of each lysate was used for the
immunoprecipitation. To check the release of the antigen in the
culture medium, medium was harvested at 48 h after transfection
of HeLa cells plated at 1 x 10° in 100 mm dish with the expres-
sion vector, and cleared by centrifugation at 800g at 4°C for 10 min.
The supernatant was immunoprecipitated.
Immunohistochemistry. The immunoperoxidase method was
applied to 10% neutral buffered formalin-fixed, paraffin-embedded
sections. The sections were incubated with 0.03% H,0O, in methanol
to inhibit the endogenous peroxidase activity and preincubation
with the 10% normal goat serum (Nichirei, Tokyo, Japan) to block
any non-specific reaction. Then the sections were incubated with an
affinity purified polyclonal antibody against C1 fragment of SVS-1
at a dilution 1:100 of original serum at 4°C overnight, followed
by incubation with HRP-labeled polymer conjugated goat anti-rabbit
antibody (Histofine Simplestain Max-PO; Nichirei, Tokyo, Japan)
at room temperature for 30 min. Immunoreaction products were
visualized by incubation in a 0.05 M Tris-HCI buffer (pH 7.6)
containing 0.02% DAB and 0.006% H,O,. Immunostained sections
were counterstained with hematoxylin for visualization of nuclei.
Immunofluorescence staining. The NIH3T3 cell line was trans-
fected with SVS-1 expression plasmid vector, pcDNA3 FSVS-1.
At 48 h after transfection, the cells were washed with PBS and
fixed with 4% paraformaldehyde/PBS for 20 min at room temperature.
Then, after washing with PBS, 0.2% Triton X-100/PBS was added
and the cells were stored at room temperature for 15 min. The cells
were washed with PBS, anti-FLAG antibody was added and the cells
were stored at 4°C overnight. After washing with 1% Triton X-
100/PBS, TRITC- or FITC-labeled anti-mouse IgG and 2 pg/mL
of Hoechst 33258 were added to the cells, and the mixture was
stored at 4°C for 1 h. The cells were washed with 1% Triton X-
100/PBS, and observed under a fluorescence microscope (Olympus
BX50; Sibuya, Tokyo, Japan) and under a laser confocal microscope
(LSM 5 PASCAL; Carl Zeiss, Gottingen, Germany). The organelle
in the cell was costained with anti-Flag antibody for SVS-1 and
WGA-TMR (Molecular Probes, Eugene, OR, USA), Con A-TMR
(Molecular Probes), Mito tracker Orange CMTM Ros (Molecular
Probes), or Phalloidin Oregon green488 (Molecular Probes) for
Golgi aparatus, ER, mitochondria and actin fibers, respectively,
using the procedure recommended by the manufacturer. To stain
cells inducibly expressing SVS-1 protein by adnovirus transduction,
cells were plated on cover glass at 7 X 10*/well in 12-well plate,
24 h prior to infection. Cells were infected with Ad-G4VP2. At
48 h after infection, the cells were washed and fixed. Immuno-
fluorescence staining was performed as described above.
N-glycosylation analysis. HeLa cells were transfected with SVS-1
expression plasmid vector, pcDNA3 FSVS-1. After 4 h cells were
incubated with 1 pg/mL of tunicamycin inhibiting N-linked
glycosylation for 24 h. Lysates were prepared therefrom and
western blotting analysis performed as described above. For
enzymatic digestion of N-linked oligosaccharides on proteins,
20 pg extract protein of SVS-1-overexpressed cells was denatured
and treated with 0.07-500.00 unit of PNGase F (New England
Biolabs, Fort Collins, CO, USA) at 37°C for 10—20 min according
to the manufacture’s instruction, followed by western blotting
analysis.®
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Colony formation assay. Ki3T3 cells were plated at 3 x 10%/
well in 96-well plate 24 h prior to transfection. Ki3T3 cells were
cotransfected with pTK-hyg (Takara Bio, Shiga, Japan) and
expression plasmids of pcDNA3.1V5His, pcDNA3.1-LacZ,
pcDNA3.1-FSVSV5His, or pcDNA3.1-mDRS. After transfection,
cells were plated in a 60-mm culture dish in medium contain-
ing hygromycin at 0.1 mg/mL and cultured for 3 weeks. The
number of colonies in each dish was counted after fixation and
methylene blue staining.

MTT assay. HeLLa/G5-Luc, HeLa/G5-FSVS-1, NIH/G5-Luc and
NIH/G5-FSVS-1 cells were plated on 96-well plates at 500 cells
per well 24 h prior to infection. The cells were infected with Ad/
G4VP2 at various moi or mock-infected. On days indicated after
infection cells were incubated with 0.5 mg/mL of MTT (Sigma)
for 4h at 37°C. After removal of the solution, the purple
precipitates were dissolved in DMSO and the absorbance was
measured at 570 nm using multiwell plate reader (Bio-Rad
Model 550, Bio-Rad, Hercules, CA, USA).

Anchorage independent growth. PolyHEMA (purchased from
Aldrich Chemical Co., Milwaukee, WI, USA) was solubilized in
95% ethanol at 120 mg/mL and diluted 10 times in ethanol. To
prepare polyHEMA-coated dishes, 1.5 mL of the polyHEMA
solution was placed onto 60-mm Petri dishes and dried in a
tissue culture hood. Methylcellulose was dissolved at 15 mg/mL
in DMEM at 4°C. Methylcellulose solution was centrifuged at
9000g for 30 min. One mL cell suspension (1 x 10* cells/mL) was
added to 4 mL methylcellulose solution. Cell suspensions were
seeded in polyHEMA-coated 60 mm dishes.

Cell adhesion assays. 96-well flat-bottom microtiter ELISA plates
(Iwaki; Asahi Techno Glass, Chiba, Japan) were coated with 10 pg/mL
each of fibronectin (Sigma), laminin (Sigma), or type I collagen
(Nitta gelatin, Osaka, Japan). Additional wells were coated with
1% BSA in PBS. The plates were incubated for 1 h at 37°C; the
coated surfaces were washed with PBS and then blocked with
1% BSA for 30 min at 37°C. HeLa cells detached with 20 mM
EDTA were washed and resuspended in serum free DMEM, and
plated on each protein-coated well at 20 000 cells/100 uL/well.
The plates were incubated for 2 h at 37°C in humidified 5% CO,.
Non-adherent cells were removed by centrifugation (top side down)
at 48 g for 5 min. The attached cells were fixed with 1%
formaldehyde and stained with 0.5% crystal violet overnight. The

wells were washed with PBS. Number of cells per each microscopic
field was counted. Averages of three dishes were calculated.
Migration and invasion assay. Migration activity assay was per-
formed using Transwell plates (PET membrane, 8 um pores,
Becton Dickinson, NJ, USA). Suspension of 2.0 X 10° cells was
added to the top chamber and cells were allowed to migrate
through the membrane at 37°C, 5% CO, for 24 h. Cells passing
through the membrane into the lower chamber were counted.
For invasion assay Transwell plates were precoated on upper
sides with Matrigel. Then, 2.0 x 10° cells were added to the top
chamber and assays performed at 37°C, 5% CO,. The membrane
was fixed in methanol and stained with 0.5% crystal violet/30%
methanol for 1 h. The upper side of the membrane was wiped
off, and cells that attached to the lower side surface were
counted. Invasion assay was performed by using the growth
factor-reduced BD Matrigel invasion chamber (PET membrane
with 8 um pores, Becton Dickinson), as described above.
Statistics. Data were analyzed and averages and standard
deviations were calculated using statistics (paired z-test) with
GraphPad InStad v.3.01 (GraphPad Software, San Diego, CA, USA).

Results

In an attempt to find novel tumor suppressor genes, we performed
c¢DNA microarray analysis for differential gene expression in
mouse NIH3T3 cells with normal phenotype and Ki3T3 cells
with tumorigenic phenotype, NIH3T3 cells transformed by an
activated oncogene v-K-ras. A few hundred genes among the
16 000 genes were found to be up- or downregulated in Ki3T3
cells. A presumably plasma membrane-localized uncharacterized
gene tentatively named SVS-1/SUSD2 was selected from those
downregulated in the transformed cells on the basis that many
tumor suppressor gene products are expressed on the plasma
membrane and have a possible role in cell adhesion, migration
and metastasis as tumor suppressors. However, the biological
function of SVS-1 has not been reported. The SVS-1 protein is
presumed to be a transmembrane protein of 820 amino acids,
consisting of three major domains, an extracellular, a transmembrane
and a cytoplasmic domain. The extracellular domain contains
somatomedin B, AMOP, von Willebrand factor type D, and
sushi/CCP/SCR domains (Fig. 1a), which are frequently found
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(PR TSI IFSIECS Fig. 1. Expression of SVS-1 in several mouse tissues.
kDa TE¥RX OV IVAV R S (a) Diagram of SVS-1 protein. SVS-1 possesses
12565 282 430 444 610722 775 782 804 69 = various domains which are frequently found in
- . :
g & " 558 - - aC1 adhesion molecules. FLAG-tag was inserted
Signal Peptide — . . -
[ Somatomedin B domain Ponceau S between signal peptide and somatomedin B
I AMOP domain 69 staining domain, and V5-tag added to the carboxyl-
[ von Willebrand factor type D domain 55:  —— = aN1 terminus of the protein. (b) Semiquantitative RT-
B Sushi domain (SCR repeat) Ponceau S PCR using total RNA (1 pug) from normal mouse
B Transmembrane region staining tissues. (c) Western blotting analysis with protein

902

extracts of normal mouse tissues, loading 100 pug
in each lane, and detected with C1 and N1
antibodies. (>>) Positions of presumably processed
proteins detected in various tissues, which may
correspond to (») processed protein of Flag- and
V5-tagged SVS-1 ectopically expressed in Hela
cells (lane 1). (d) Expression of SVS-1 in kidney
and lung, as examined by immunohistochemistry.
Tissue sections were analyzed using anti-C1
antibody. d1, kidney tissue section; d2, large
magnification of a part of d1; d3, lung tissue
section; d4, large magnification of a part of d3.
(red ») Immuno-positive apical membranes of
epithelial cells. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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in cell adhesion molecules playing important roles in cell-to-cell
and/or cell-to-matrix adhesion.®”>

SVS-1 expression in several mouse tissues. We examined the exp-
ression of SVS-1 in normal mouse tissues by RT-PCR. Mouse
SVS-1 mRNA was found to be expressed in several specific
tissues: at high levels in kidney, pancreas, lung, stomach, and
spleen, at moderate levels in thymus, testis, ovary, brain, and
large intestine, and almost no level of expression in heart, liver
and small intestine (Fig. 1b).

Western blotting and histochemical staining with polyclonal
rabbit antibodies against SVS-1 were then performed. We gen-
erated pAb against N-terminal (N1, 203 residues from amino
acid no. 27-223) and C-terminal (C1, 231 residues from amino
acid no. 545-775) peptides of the protein and examined the
expression of SVS-1 protein in mouse tissues using western
blotting analysis. As shown in Fig. 1c, presumably processed
proteins with various molecular mass were detected in various
tissues, the variation in molecular mass among tissues being
most likely ascribed to differences in glycosylation status
(T. Sugahara et al., unpublished data, 2007). Strong expres-
sion of the protein was detected in kidney, with both C1 and N1
antibodies, and there was moderate expression in other tissues,
such as spleen, liver, large intestine, and undetectable levels of
expression in pancreas, heart and lung. A second band with
lower molecular mass observed in brain and large intestine,
was detected in mouse melanoma cell line B16 but not in lung
cancer cell line Lewis Lung 3LL (Fig. Ic). Several mouse
tissues were examined using immunohistochemistry for SVS-1
expression. Expression was restricted in specific regions of the
tissues: distinct polarity was observed in the distribution of the
antigen being restricted on the apical membranes of the epithelial
cells in renal tubules and bronchial tubes, but not in alveolar
epithelium (Fig. 1d).

Subcellular localization of SVS-1. NIH3T3, transiently transfected
with pcDNA-Fsvs-1V5his, was costained with anti-FLAG anti-
body and probes that specifically stain subcellular organella,
such as ConA-TMR, WGA-TMR, Mito-tracker-Orange CMTM
Ros and Phalloidin-FITC staining ER, Golgi apparatus, mitochondria
and actin fibers, respectively (Fig. 2a). Thus SVS-1 protein was
found to be localized mainly in ER, but not in mitochondria or
Golgi apparatus. NIH3T3 cells are rich in actin stress fibers and
the fibers notably disappeared from SVS-1 expressed cells. The
disruption of stress fibers appeared to depend on the levels of
SVS-1 expression, indicating strong (") and weak (%) expression
(Fig. 2b). To examine further whether the antigen SVS-1 is
localized in the outer surface of the plasma membrane, fixed
cells were treated with or without Triton X-100, and stained with
anti-FLAG antibody. As shown in Fig. 2¢, plasma membrane of

Fig. 2. Subcellular localization of SVS-1 protein

expressed in NIH3T3 cells. At 48 h after transfection ER
with pcDNA3-FSVS-1, cells were fixed and (ConA)
perneabilized by Triton X-100 treatment. (a) Fixed
cells were costained with anti-Flag antibody
followed by fluorescein isothiocyanate (FITC)-
labeled secondary antibody and probes specifi-
cally staining cellular organells, Con A staining
endoplasmic reticulum (ER), wheat germ agglutinin
(WGA) staining Golgi apparatus, mito-tracker
staining mitochondria. (b) Actin fibers were
stained with FITC-labeled phalloidin, strong (')
and weak (%) expression of SVS-1 being shown. b
(c) Fixed cells were washed with phosphate-
buffered saline with or without 0.2% Triton X-
100, stained with anti-FLAG antibody, and observed
with laser confocal microscope. (d) Fixed cells
permeabilized or not were stained with anti-FLAG
antibody or anti-V5 antibody.

Mitochondoria
(Mito-tracker)

Actin fiber |
(Phalloidin)
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cells untreated with Triton X-100 was stained, and treatment of
the cells with Triton rendered ER stainable, indicating that the
antigen SVS-1 is localized in the outer surface of the plasma
membrane accessible to the antibody. Furthermore, SVS-1
seems to be concentrated in cell-to-cell contact region, as
observed with laser confocal microscopy (Fig. 2c). Cells were
not stained with V5 antibody without Triton X-100 treatment,
suggesting that the C-terminus of the protein is localized in the
inner surface of the plasma membrane (Fig. 2d).

SVS-1 is processed, glycosylated and released in the culture medium.
FSVS-1 cDNA was transfected into HeLa cells, and analyzed using
western blotting. FSVS-1 proteins were detected approximately
at 110kDa and 60 kDa using anti-FLAG antibody and at
110 kDa, 60 kDa, and 55 kDa using V5 antibody (Fig. 3a),
demonstrating that the protein was processed at specific regions
around the middle of the protein. The C-terminal fragment was
coimmunoprecipitated with the N-terminal fragment by anti-
FLAG antibody, and vice versa, the N-terminal fragment was
coimmunoprecipitated with the C-terminal fragment by anti-V5
antibody (Fig. 3b), indicating that the processed N-terminal and
C-terminal peptides form a complex.

To examine whether processed SVS-1 is released in the
culture medium, the protein in the culture medium was
immunoprecipitated using anti-FLAG antibody, or anti-V5
antibody. The N-terminal fragment was immunoprecipitated,
but no C-terminal fragment was immunoprecipitated (Fig. 3c¢),
demonstrating that only the N-terminal fragment is released in
the culture medium.

Since SVS-1 protein is a membrane protein, it was sug-
gested by computer search that the protein harbors possible
N-glycosylation sites in its extracellular domain (NetNGLyc
1.0 server: http://www.cbs.dtu.dk/services/NetNGlyc/). Sequence
analysis of SVS-1 predicted that the protein bears eight NX(S/
T) motifs as N-linked glycosylation sites. We attempted deglyc-
osylation of the SVS-1 proteins by treatment with tunicamycin
inhibiting N-linked glycosylation, or treatment with PNGase to
release putative N-linked oligosaccharides (Fig. 3d,e). Thus the
treatment of cells with tunicamycin gave rise to SVS-1 proteins
with lower Mr (Fig.3d). SVS-1 protein was enzymatically
digested with PNGase in different dilutions. Western blotting
analysis demonstrated that the C-terminal peptide showed at
least four different bands with different mobility, indicating that
it is in fact glycosylated at least at four different sites, and that
the 39 kDa band is assumed to be completely deglycosylated
(Fig. 3e). The N-terminal peptide appeared to give three bands
with different sizes (Fig. 3e). Similar glycosylation was observed
with SVS-1 protein in kidney, as evidenced by PNGase treatment
(Fig. 3e).

FLAG M
¢ erge ¢ Triton-X100

- +

Triton X-100

' ﬂ--
-

Hoechst o FLAG Hoechst oV5
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116 J . Fig. 3. Processing, glycosylation and shedding of
110 . ~ | o 97.4 7 .. — SVS-1. (a) Western blotting using anti-FLAG antibody
69 o and anti-V5 antibody of Hela cell extract prepared
60 > - . gg 65 “ . from cells transfected with FSVS-1 gene, and
] harvested at 48 h after transfection. (b) Association
SVS1 - + - + of N-terminus and C-terminus of processed SVS-1
WB:  oFLAG aV5 SVS1 - + + - + + protein. Lysate of the SVS-1-transfected Hela
Tunic - - + - - + cells was immunoprecipitated with anti-FLAG or
b KD oFLAG oV5 anti-V5 antibody, and the precipitates analyzed
a using western blotting with either anti-FLAG (left
10 p e oFLAG aV5 panel) or anti-V5 (right panel) antibody. (c) Shedding
~ ~ ~ ~ of N-terminus peptide. SVS-1-transfected Hela
cOP| w_m = PNGase_ Sy e @@0go 2@ 2@gs  cells were cultured for 48 h and culture medium
(Units) was harvested and immunoprecipited with anti-
SVS1: — + — + — + — + FLAG or anti-V5 antibody. The precipitates were
o ® o © subjected to SDS-PAGE and immunobloted with
p: < g < g - .. anti-FLAG or anti-C1 antibody. (d) Glycosylation of
T fra - - 'l‘_ SVS-1. SVS-1-transfected Hela cells were incubated
il 8 - with or without 1 ug/mL of tunicamycin for 24 h,
WB: oFLAG aV5 B-actin —_— and subjected to western blotting analysis with
anti-FLAG or anti-V5 antibody. (e) Glycosylation
c . aC1 of SVS-1. SVS-1-transfected Hela cell lysate was
Svs-1: -_* ¢ PNGase NS treated with various dilutions of N-glycanase F
kDa (Units) g’ g-’ 2 ,,“,-’ 88 (PNGase) and subjected to western blotting analysis
60 P . using anti-FLAG (upper left panel) or anti-V5
69 ) RN (upper right panel) antibody. Kidney lysate was
IP: oFLAG aV5 55 l._ similarly treated with PNGase followed by western

WB: oFLAG oC1 36.5 = . blotting(lower panel).

FSVS-1 introduced by transfection inhibits cell proliferation in Ki3T3
To test whether SVS-1 affects the growth of the cells, we performed
colony-formation assays in liquid medium. Ki3T3 mouse fibroblast
cells were cotransfected with pcDNA-LacZ, pcDNA-Drs, pcDNA-
Fsvs-1v5his or the vector pcDNA3.1 and pTK-hyg. Transfected
cells were allowed to grow in medium containing hygromycin;
colonies formed were fixed, stained, and counted 3 weeks later.
Overexpression of pcDNA-Fsvs-1v5his caused suppression of
colony formation (Fig. 4a,b): 39.3% and 44.9% reduction in colony
numbers, as compared with those transfected with pcDNA-LacZ
and pcDNA3.1 vector, respectively (Fig. 4b). Suppression of colony
formation by Drs gene, one of the known tumor suppressor genes,
was even more pronounced than Fsvs-1. These results indicate that
ectopic expression of SVS-1 suppresses growth of Ki3T3 cells.

Construction of inducible overexpression system by TSTA. Since
FSVS-1 expression suppresses growth of tumor cells, as shown
in Fig. 4, and since isolation of cell clones stably expressing
SVS-1 was not successful, an inducible expression system was
constructed to analyze the effect of SVS-1 in cells.

Thus induction of FSVS-1 is achieved by infection of cells
harboring the FSVS-/ gene under the control of Gal4 response
element with Ad/G4VP2 expressing a fusion transcription factor
consisting of the Gal4 binding domain and the VP-16 transactiva-
tion domain.®!??

To test whether infection of recombinant adnovirus Ad/
G4VP2 induces FSVS-1 or luciferase expression in HeLa/G5-
FSVS-1, HeLa/G5-Luc, HT/G5-FSVS-1, HT/G5-Luc, or NIH/
G5-FSVS-1, western blot analysis was performed using anti-
FLAG or anti-Luc antibodies. Result showed that the proteins
were expressed in a moi-dependent manner (Fig. 5a). By infec-
tion of HT/G5-FSVS-1 and HeLa/G5-FSVS-1 cells with Ad/
G4VP2, detachment from substratum and aggregation of cells
were induced (Fig. 5b,c). FSVS-1 protein appears to be concen-
trated in the cell-to-cell attachment boundary, but control
HT/G5-Luc, and HeLa/GS5-Luc cells were not affected (Fig. 5b
and data not shown).

Suppression of anchorage-dependent and -independent growth by
FSVS-1. We tested using MTT assay whether the overexpression of
FSVS-1 inhibits cell growth. Growth of HeLLa/G5-Fsvs-1 cells infected
with Ad/G4VP2 was significantly reduced in a moi-dependent
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manner, in contrast to no effect on HeLLa/G5-Luc, NIH/G5-Luc or
NIH/G5-Fsvs-1 cells (Fig. 6a,b). Of note is the finding that growth
of phenotypically normal NIH/G5-SVS-1 cells was not affected.

HeLa/G5-Luc and HeLa/G5-Fsvs-1 cells infected with
Ad-G4VP2 were assayed for colony formation in suspension
in methylcellulose medium on polyHEMA-coated dishes. The
SVS-1 significantly suppressed anchorage-independent growth
of HeLa cells. A reduction of approximately 80% in colony
numbers was observed in HeLa/G5-Fsvs-1 upon infection with
Ad-G4VP2 compared with mock infection (Fig. 6¢,d). In con-
trast HeLa/G5-Luc was not suppressed. These results clearly
show that the SVS-/ gene suppressed anchorage-independent
growth, one of the prominent characteristics of tumor cells.

Inhibition by SVS-1 expression of attachment of Hela cells to
fibronectin. As expression of SVS-1 rendered HeLa cells to
detach from the substratum, as shown in Fig. 5c, we tested the
ability of SVS-1-expressed cells to adhere to some of the
extracellular matrix proteins. As shown in Fig. 7a, attachment of
cells to fibronectin was significantly decreased by 40%, compared
with mock infection. In contrast, attachment of cells to type
I collagen and laminin was not affected, nor was attachment of
control HeLa/G5-Luc cells to the three matrix proteins.

F-SVS-1 suppresses migration and invasion of HT1080. To assess
the biological function of SVS-1 in cell motility and invasive
activity, we performed migration and invasion assay using
Transwell chamber with or without Matrigel. In the invasion
assay, the numbers of cells traversing through Matrigel and
membrane into the lower chamber significantly increased upon
infection of HT/GS5-Luc cells with Ad/G4VP2 (2 moi and
4 moi). The numbers of traversing HT/G5-SVS-1 cells increased
upon infection with 2 moi as control cells, but significantly
decreased upon infection with 4 moi of the virus (Fig. 7b). Thus
the ratios of the numbers of SVS-1-expressed invaded cells
relative to those of control cells were calculated and depicted in
Fig. 7c, showing that expression of SVS-1 in HeLa cells inhibited
invasion of cells at 4 moi.

In migration assay using Transwell chamber without Matrigel,
almost similar results were obtained. Thus a similar trend of the
ratios of migrated SVS-1-expressed cells relative to those of
control cells was observed (Fig. 7d). These results demonstrate

doi: 10.1111/j.1349-7006.2007.00466.x
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*P<0.01
**P <0.001
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Number of colonies per dish

Fig. 4. Growth inhibition of Ki3T3 cells by SVS-1, as assayed by colony
formation. (a) Ki3T3 cells were transfected with pcDNA-Fsvs-1v5his,
pcDNA-LacZ, pcDNA-Drs or pcDNA3.1 and plated in medium containing G-
418. Colonies were fixed stained with methylene blue, and counted. The
experiments were repeated three times using triplicate dishes. (b)
Average numbers of colonies in each group are shown. P-values are
shown.

that SVS-1 suppresses not only migration but also invasion of
tumor cells.

Discussion

In the present study, we report isolation of a novel gene, SVS-1/
SUSD2, suppressing tumorigenic phenotypes of cancer cells.
The protein is localized on plasma membrane, N-glycosylated
and shed. Ectodomain shedding is a major process regulating
various biological events such as cell differentiation, proliferation,
migration, and survival. Various proteins such as growth factors,
growth factor receptors, or cell adhesion molecules are
substrates for sheddases.®*3" Of great interest is our finding that
the N-terminal portion of processed SVS-1 protein was released
into the culture medium. Among the Zn”**-dependent protease
superfamily, MMP and ADAM proteins, both members of the
metzincin subgroup, are largely implicated in the degradation
and remodeling of the extracellular matrix. MMP mediate
shedding of transmembrane and membrane-associated proteins,
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HelLa
1G5-Luc

HelLa
/G5-SVS-1

Fig. 5. Expression of FSVS-1 using two-step-transcription amplification
(TSTA) system induced detachment of cells from substratum. (a) moi-
dependent expression of SVS-1. At 48 h after Ad/G4VP2 infection at a
moi of 2-16, HelLa/G5-luciferase, HeLa/G5-FSVS-1, HT/G5-luciferase, HT/
G5-FSVS-1, and NIH/G5-FSVS-1 cells were harvested, lyzed and analyzed
using western blotting with anti-FLAG, anti-luciferase or anti-B-actin
antibody. As a loading control the membrane was stained with
Ponceau S. (b,c) The HeLa/G5-FSVS-1 cells were infected with Ad/G4VP2
at 2 moi. 72 h postinfection, overexpression of SVS-1 protein induced
detachment of cells from the substratum and aggregation, immuno-
fluorescence of SVS-1 shown in (b) and phase-contrast images in (c).

including E-cadherin.®? For example, exogenous matrilysin and
stromelysin-1 (MMP-3) can release an 80-kDa E-cadherin
fragment from various cancer cell lines.®*3% Proteolytic cleavage
of E-cadherin ectodomains and shedding into the blood stream
has been shown in various cancers such as bladder, prostate,
lung and gastric cancers,® thus soluble E-cadherin has been
suggested to be a prognostic marker in various cancers. The
biological function of ectodomain shedding of SVS-1 needs to
be clarified.

SVS-1 induced disruption of actin stress fibers (Fig. 2b),
detachment of cells from substratum (Fig. 5¢), most likely due
to interference with the interaction of integrins with extracellular
adhesion molecules such as fibronectin (Fig. 7a). We showed that,
since expression of SVS-1 did not affect cell cycle distribution
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Fig. 6. Overexpression of FSVS-1 inhibits anchorage-
dependent and anchorage-independent growth.
(a,b) HeLa/G5-luciferase, HelLa/G5-FSVS-1, NIH/G5-
luciferase and NIH/G5-FSVS-1 cells were infected
with various moi of Ad/G4VP2 and growth of
cells were followed by 3-(4,5-dimethylthiazol-2-
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HeLa/GS-SVS 1

Relative No. of colonies
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op

yl)-2,5-diphenyltetrazolium bromide (MTT) assay
at indicated days after infection. Relative cell
numbers were expressed relative to the number
of cells on day 0. (c) At 48 h after Ad/GAVP2
infection of HelLa/G5-FSVS-1 cells at 16 moi, 1 x 10*
cells were seeded per dish in methylcellulose
medium on polyHEMA-coated plates. After
12 days of incubation numbers of colonies were
counted. (d) Average number of colonies from
three dishes of mock and Ad/G4VP2-infected cells
was calculated.

- 4+

Hela
/G5-SVS-1

Fig. 7. Inhibition by SVS-1 of cell adhesion to
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fibronectin, migration and invasion. (a) Cell
adhesion to extracellular matrix (ECM) proteins.
96-well flat-bottom microtiter ELISA plates were
coated with fibronectin, laminin, or type |
collagen. At 48 h after Ad/G4VP2 infection at
8 moi, 20 000 cells were seeded in protein-coated
wells. After incubation, the number of attached
cells per each microscopic field was counted. (b)
Invasion assay. At 48 h after infection of HT/G5-
luciferase and HT/G5-FSVS-1 cells with Ad/G4VP2
at a moi of 2 and 4, suspension of 6.25 x 10* cells
was added to the top chamber and cells were
allowed to invade through Matrigel and the
membrane for 24 h. Cells traversing through the
membrane into the lower chamber were
counted. Cell numbers were expressed relative to
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of cells in G1-, S- and G2/M-phases (data not shown), suppression
of cell growth by SVS-1 is most likely due to a mechanism
unrelated to arrest of the cell cycle progression, for example,
regulation of cell growth by cell-to-cell or cell-to-substrate
interaction, in turn perturbing signal transduction leading to cell
growth. Analysis by laser confocal microscopy revealed SVS-1
localization on plasma membranes (Fig. 2c) and accumulation
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those of mock infected cells. (c) Ratio of invaded
cells relative to control cells. Relative numbers of
invaded SVS-1-expressed cells were normalized
by those of HT/G5-luciferase cells at each moi. (d)
Ratio of migrated cells relative to control cells. At
48 h after infection of HT/G5-luciferase and HT/
G5-FSVS-1 cells with Ad/G4VP2, suspension of
3 x 10 cells was added to top chamber and cells
were allowed to migrate through the membrane
for 24 h. Cells passing through the membrane
into the lower chamber were counted in three
microscopic fields. Cell numbers were expressed
relative to those of mock infected cells. Relative
numbers of migrated cells were normalized by
those of HT/G5-luciferase cells at each moi.

2 4
HT/G5-SVS-1

in the cell-to-cell contact region (Figs 2¢ and 5b), accounting in
part for cell cycle-independent growth inhibition. A similar
pattern of accumulation and biological activity of membrane
proteins at the cell-to-cell contact sites has also been reported
with other adhesion molecules including E-cadherin, TSLC-1
and nectins. 3% Furthermore, we showed that overexpression of
SVS-1 in HeLa cells induced cell aggregation, and suppressed
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migration and invasion of cells. Similar compaction of cells was
observed by the expression of E-cadherin,® thereby acting as
an invasion suppressor of various epithelial malignancies.“’~*?
Of relevance is the finding that similar complete disruption of
the actin stress fiber network and disappearance of focal adhe-
sions were observed by ASNFS/INI1 tumor suppressor gene, a
component of the ATP-dependent chromatin remodeling hSWI-
SNF complex.“®

Although the function of SVS-1 appears to be similar to that
of various tumor suppressors, SVS-1 cannot be defined as a
tumor suppressor, unless genetic and epigenetic alterations as
well as abnormal expression of SVS-1 in tumors are examined.

According to the database, the human SVS-1/SUSD2 gene is
located near chromosome 22q11.23. Recent findings that follow
show some evidence relevant to the genetics of genes near
22q11.23. Rhabdoid tumors of kidney are highly malignant
neoplasms that occur primarily within the first 3 years of life,
normally occurring by deletion of a small region of chromosome
22q11.2,“Y but occasionally occurring by atypical deletions
spanning 2.8 Mb and extending to 22q12.“% Frequent chromo-
somal loss such as 22q has been reported in as much as 30%
of astrocytomas and 50% of glioblastomas.®“® Several tumor
suppressor genes have been investigated on chromosome 22. Pu-
tative tumor suppressor genes have been identified on chromosome
22q, such as hASNF5/INII, involved in pediatric malignant rhabdoid
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tumor on 22q11.2, hCHK?2 on 22q12.1, a tumor suppressor gene
encoding checkpoint kinase 2 involved in cell cycle control.
These have been reported in Li-Fraumeni families without p53
mutations. There is a possibility that a new tumor suppressor
gene is found from the proximal region of 22q11.23-12, as
suggested by Hartmann ez al.“” Genetic and epigenetic alteration
of the SVS-1 gene has to be investigated further.

In summary, newly characterized SVS-1/SUSD2 was demon-
strated to be a novel protein suppressing tumorigenic phenotypes,
as inhibition of anchorage-dependent and anchorage-independent
growth, motility and invasiveness of cancer cells in culture. Of
most importance is the activity of SVS-1 in suppressing tumor
growth in vivo, which is now in progress.

Furthermore, elucidation of the molecular mechanism
underlying the physiological function of SVS-1 may provide an
appropriate molecular target for future cancer therapy.
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